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U   Radiant energy of one einstein (J/einstein) 
λ   Wavelength (nm)  
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List of abbreviations 
 
A253.7    Absorbance measured at 253.7 nm  
ACH  Aluminium Chlorohydrate 
AOP   Advanced Oxidation Process  
AOX  Adsorbable Organic Halogens  
APHA   American Public Health Association  
AP I   Aromatic Protein I (from EEM spectra)  
AP II   Aromatic Protein II (from EEM spectra)  
BAC   Biologically Activated Carbon  
BDD  Boron-doped Diamond 
BDOC  Biodegradable Dissolved Organic Carbon  
BOD   Biochemical Oxygen Demand  
CDI  Capacitive Deionization  
COD   Chemical Oxygen Demand  
Da   Dalton  
DBP   Disinfection By-product  
DPD   N, N-diethyl-p-phenylenediamine  
DOC   Dissolved Organic Carbon  
DON  Dissolved Organic Nitrogen 
EBCT  Empty Bed Contact Time 
EDC   Endocrine Disrupting Compounds  
EEM   Excitation Emission Matrix  
EfOM    Effluent Organic Matter  
EPA    Environmental Protection Agency  
FA   Fulvic Acid  
FAC  Free Available Chlorine 
FRI   Fluorescence Regional Integration  
GAC   Granular Activated Carbon  
GC   Gas Chromatography  
HA   Humic Acid  
HAA   Haloacetic Acid  
HAN   Haloacetonitriles  
HMW   High Molecular Weight  
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HPLC   High Performance Liquid Chromatography  
HS   Humic Substances  
H2O2   Hydrogen Peroxide  
IDEA  Intermittently Decanted Extended Aeration 
LC-OCD  Liquid Chromatography – Organic Carbon Detection  
LMW   Low Molecular Weight  
MF  Microfiltration 
MIEX  Magnetic Ion Exchange Resin  
MilliQ  MilliQ water (Organic-free water)  
MW   Molecular Weight  
MWD   Molecular Weight Distribution  
NDMA N-Nitrosodimethylamine 
NF  Nanofiltration 
NOM   Natural Organic Matter  
NTU  Nephelometric Turbidity Unit  
PAC  Powdered Activated Carbon 
pCBA  ρ-Chlorobenzoic acid  
PPCP   Pharmaceuticals and Personal Care Products  
RDOC  Refractory Dissolved Organic Carbon  
RO  Reverse Osmosis 
ROC  Reverse Osmosis Concentrate 
SBS  Sodium Bisulphite 
SUVA  Specific UV Absorbance  
SMP   Soluble Microbial Products   
SS   Suspended Solids  
TDS  Total Dissolved Solids 
THM   Trihalomethane 
THMFP Trihalomethane Formation Potential 
TAN  Total Ammonium Nitrogen  
TN  Total Nitrogen 
TOC  Total Organic Carbon 
TP   Total Phosphorus  
UF  Ultrafiltration 
USEPA  United States Environmental Protection Agency  
UV   Ultraviolet  
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UVC   Ultraviolet radiation at 253.7 nm  
UVH   UV/H2O2 treatment  
UVC-LED UVC-light emitting diodes 
UVT  Ultraviolet transmittance 
VUV   Vacuum Ultraviolet (radiation at 253.7 and 185 nm)  
WHO   World Health Organisation  
WW  Wastewater 
WWTP  Wastewater Treatment Plant 
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Summary 
 
Wastewater reuse is being increasingly emphasised as a strategy for conservation of limited 
fresh water resources. Pressure-driven membrane processes, including microfiltration, 
ultrafiltration, nanofiltration and reverse osmosis (RO), are one practical means of achieving 
this objective. Greater use of RO-based processes in municipal wastewater reclamation 
presents the water industry with a major challenge regarding the management of the resultant 
RO concentrate (ROC) generated. As the RO membrane rejects almost all the constituents of 
the RO feed, the elevated concentrations of effluent organic matter (EfOM) and 
micropollutants pose significant environmental and toxicological risk if the ROC is 
discharged untreated. Advanced oxidation processes (AOPs) are considered as one of the 
promising approaches for the degradation of organic matter in wastewater as they utilise 
hydroxyl radical (HO
•
) which is a powerful and non-selective oxidant. One of the leading 
AOPs employs UVC (253.7 nm) irradiation in the presence of H2O2 for the degradation of 
organic compounds.  
 
The potential of UVC/H2O2 treatment was investigated at lab-scale for the high salinity 
(conductivity ~22-28 mS/cm) ROC samples of varying organic (DOC = 32-53 mg/L) and 
inorganic (total dissolved solids, 5300-18,000 mg/L; chloride, 2100-8900 mg/L) 
characteristics, collected over the period Oct 2011 - Sept 2013. Increasing UV fluence (up to 
32×10
3
 mJ/cm
2
) led to increased reduction of colour (80-90%) and A253.7 (90-80%), but 
mineralisation was low (14-36%) due to only partial oxidation of the organic matter. 
Fluorescence excitation-emission matrix spectra revealed a large reduction in fluorescence 
intensity, indicating the loss of aromatic structures and consistent with the large reduction of 
colour and A253.7. Liquid Chromatography – Organic Carbon Detection (LC-OCD) confirmed 
that UVC/H2O2 treatment altered the structure and composition of organic matter of the high 
salinity ROC, reducing the molecular weight of the humic-like matter and generating lower 
molecular weight (LMW) compounds. The potential of downstream biological treatment (as 
biodegradable dissolved organic carbon (BDOC)) was demonstrated for the removal of the 
LMW compounds resulting in enhanced reduction of organic matter (up to 40%). 
 
Coagulation using alum as pre-treatment for the UVC/H2O2 process was investigated with a 
view to enhancing UVC/H2O2 treatment and reducing irradiation time to achieve a target 
DOC of 15 mg/L. Coagulation (1.5 mM Al
3+
) removed mainly humic-like organic matter 
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leading to a considerable reduction of DOC (up to 34%), increased UV transmittance (UVT) 
and so facilitated UVC/H2O2 treatment. The loss of DOC, colour and A253.7 followed first 
order kinetics during UVC/H2O2 treatment with and without coagulation. The slower rate of 
DOC reduction after coagulation pre-treatment was due to preferential removal of humic-like 
components by both treatments. Using coagulation as a pre-treatment and BDOC assay as a 
surrogate post-treatment after the UVC/H2O2 step led to enhanced reduction of DOC. 
Marginally lower DOC than the target of 15 mg/L was obtained after delivering UV fluence 
of 11 and 16 × 10
3
 mJ/cm
2
 for two ROC samples of comparable initial DOC concentration.  
 
Two aluminium-based (alum and aluminium chlorohydrate (ACH)) and two ferric-based 
coagulants (ferric chloride and ferric sulphate) were compared for the pre-treatment of ROC. 
Under similar metal ion dose (1 mM) and pH conditions (pH 5), the ferric-based coagulants 
were generally more effective for removing DOC (46%) than alum (28%), and ACH was the 
least efficient (15%). Similar to alum, the ferric-based coagulants preferentially targeted the 
humic-like compounds. Greater DOC reduction by the ferric-based coagulants led to greater 
total reductions than alum after UVC/H2O2 followed by BDOC assay. The target residual 
DOC of 15 mg/L (55% reduction) was obtained for UV fluence of 10 × 10
3
 mJ/cm
2
 for 
samples pre-treated by ferric chloride or sulphate whereas >16 × 10
3
 mJ/cm
2
 was required for 
the sample pre-treated by alum to achieve  a comparable DOC residual.  
 
The BDOC assay was used as an indicative test for the change in biodegradability after 
UVC/H2O2 treatment in the earlier work. As biological activated carbon (BAC) can remove 
both biodegradable and assimilable organic carbon, and is more appropriate for a water 
treatment plant, BAC treatment was investigated as a post UVC/H2O2 treatment. BAC 
treatment mainly removed LMW neutrals indicating biodegradation as the predominant 
mechanism of organic matter removal. The sequence of coagulation, UVC/H2O2 and BAC 
treatment was proposed as a potential process for the removal of organic matter from high 
salinity municipal ROC, taking into account the complementary effect for each treatment, and 
the greater energy efficiency and hence lower cost of the treatment. As final (after 
coagulation+UVC/H2O2+BAC treatment) DOC reductions were comparable for aluminium 
and ferric-based coagulants, either of these coagulants could be chosen after considering the 
trade-offs for each coagulant. Alum is generally considered low cost, but the flocs formed 
were weak needing prolonged settling time hence the use of flocculant aid and/or filtration 
prior to BAC treatment may be needed to avoid clogging of the BAC filter. A similar problem 
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was noted using ferric sulphate. Ferric chloride led to strong floc formation and faster settling 
of flocs, however ferric chloride is corrosive and expensive. 
 
The potential of ultraviolet light emitting diodes (UVC-LEDs) as alternative UVC irradiation 
source was investigated to reduce the hazard associated with the disposal of mercury 
containing UVC lamps and to reduce the energy requirements. A prototype batch UVC-LED 
reactor containing 10 LED units (255 nm) was constructed and used for the degradation of the 
organic matter in ROC. Similar to the conventional UVC lamp system, irradiation by UVC-
LEDs broke down the high MW compounds to LMW compounds, and increased the 
biodegradability. Pre-treatment by coagulation using alum led to enhanced reduction of 
organic matter. The reduction of DOC was 27% after stand-alone UVC/H2O2 treatment (UV 
fluence 36 × 10
3
 mJ/cm
2
), increasing to 67% when the sequence of coagulation, UVC/H2O2 
and BDOC assay was used. The energy requirement for the UVC-LED system was 86% 
lower than for the conventional UV lamp system for ROC of comparable initial (32 mg/L) 
and residual (15 mg/L) DOC concentration. Although the UV-LEDs are currently very 
expensive and have low output power, ongoing developments in this technology are expected 
to make this technology a competitive alternative to traditional UV systems.  
 
The concentration of individual trihalomethanes (THMs), total THMs and N-
Nitrosodimethylamine (NDMA) decreased markedly after UVC/H2O2 treatment. The 
formation potential of THMs increased after UVC/H2O2+BAC treatment with and without 
alum coagulation which could be attributed to insertion of phenol groups in the aromatic 
structures of organic matter. UVC/H2O2 only treated ROC exhibited some toxicity (13 mg/L) 
using Microtox assay, but no toxicity was observed after downstream BAC treatment, 
indicating the benefit of biological treatment for safe disposal of ROC.  
 
The findings proved UVC/H2O2 treatment a robust process for the degradation of the organic 
content of ROC samples of markedly variable organic and inorganic characteristics, 
demonstrating its potential for large scale applications. The application of coagulation as a 
pre-treatment and biological treatment as a post-treatment can markedly reduce the electrical 
energy dose (EED) of the UVC/H2O2 process as well as reduce the DBP formation and 
ecotoxicity of the treated water.   
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Chapter 1. Introduction 
 
Increasing water demand due to a growing population and improved lifestyles is exerting 
greater pressure on existing water resources. The increasing number of contaminants entering 
the water supplies is further challenging water authorities worldwide. Consequently there is 
an increasing demand for low cost and robust treatment approaches to effectively remove 
contaminants to meet increasingly stringent regulations, which has led to extensive research 
in developing advanced treatment technologies. The overarching goal for the future of 
reclamation and reuse of water is to collect water directly from non-conventional sources, 
such as industrial or municipal wastewaters, and restore it to potable (Shannon et al., 2008) or 
indirect potable quality. One of the most promising processes to achieve this goal is 
membrane filtration.  
 
Membrane filtration is a physical separation process and as an effective barrier for a wide 
range of inorganic and organic contaminants, it produces excellent quality product water. A 
variety of membrane processes including microfiltration (MF), ultrafiltration, nanofiltration 
(NF) and reverse osmosis (RO) have been used to treat water and wastewater. Due to their 
larger pore sizes and so higher flux, MF is most commonly used for the removal of suspended 
particles, turbidity and microorganisms, whereas UF removes colloids, viruses (Madaeni et 
al., 1995; van Voorthuizen et al., 2001) and high molecular weight fractions of organic 
matter. MF and UF are often called low pressure membrane filtration as they operate at up to 
about 8 bar (Khan et al., 2009). The high pressure membrane processes (up to 100 bar), NF 
and RO are used for the removal of trace organics such as emerging pollutants and dissolved 
solids (including ions); the separation capability of NF membranes lies between that of UF 
and RO membranes. The RO membranes are used for applications ranging from desalting 
brackish water and seawater to the treatment of water and wastewater.  
 
Pressure-driven membrane processes generate two streams: (i) a clean stream (permeate) 
which passes through the membrane; and (ii) a waste stream (concentrate or brine) containing 
the rejected stream. The terms concentrate, brine, brine reject, membrane reject, retentate, 
saline discharge, and reject saline water all typically represent the concentrated waste stream 
of pressure-driven membrane processes, excluding other waste streams such as spent 
backwash water and cleaning solution (van der Bruggen et al., 2003; Khan et al., 2009). The 
term concentrate is used in this study and as the process that generates this concentrate is RO, 
the term RO concentrate (ROC) is used throughout this thesis.  
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Treatment of ROC has been aimed at increasing the overall yield of reclaimed water and 
minimising its impact on discharge to the environment. Elevated concentrations of a wide 
range of compounds including micropollutants such as pharmaceuticals and personal care 
products (PPCPs), endocrine disrupting compounds (EDCs) and pesticides, salts and 
dissolved nutrients limits reuse and safe discharge of ROC. Similarly the concentration of 
effluent organic matter (EfOM) may be several fold greater than in the feed water.  
 
EfOM is a combination of natural organic matter (NOM), soluble microbial products (SMPs), 
and trace harmful chemicals (Shon et al., 2006). NOM concentration, composition, and 
chemistry are highly variable and depend on the sources (allochthonous or autochthonous), 
pH, temperature, ionic strength, major cation composition of the water (Leenheer and Croue, 
2003). It also depends on the surface chemistry of sediment sorbents that act as solubility 
controls and on the presence of photolytic and microbiological degradation processes 
(Leenheer and Croue, 2003). Hence EfOM is a complex heterogeneous mixture of organic 
compounds from the chemical and biological degradation of plant and animal residues, 
consisting of components with varying properties and molecular sizes from small molecules 
to macromolecules and large particles (Thurman, 1985). Besides the aesthetic issues due to 
the colour and odour, EfOM increases the coagulant and disinfectant demand (Bekbolet et al., 
2005). Furthermore, it increases the potential for microbial re-growth in the distribution 
system as well as leads to the formation of disinfection by-products (Chow et al., 2005; 
Krasner et al., 2006; Baghoth et al., 2011). Hence, the removal of EfOM is vital to avoid the 
potential environmental and health risks particularly associated with concentrated waste 
streams such as ROC. 
  
Advanced oxidation processes (AOPs) based on UV irradiation are promising potential 
treatments for the degradation of EfOM of ROC. The degradation of organic compounds can 
occur through direct UV photolysis or photo-initiated oxidations (also commonly termed 
indirect photolysis). The UV/H2O2 process has been widely investigated and extensive 
research undertaken globally has demonstrated it to be a successful process for water and 
wastewater purification (Parsons, 2004). The first full-scale UV/H2O2 process for drinking 
water treatment was commissioned in 1998 in Salt Lake City, USA (Sarathy and Mohseni, 
2006) and this process is leading the way in commercial applications (Sarathy and Mohseni, 
2010) compared with other UV-based AOPs (UV/TiO2, UV/O3). The number of applications 
worldwide has steadily increased (Figure 1.1) and in 2012 there were 20 full scale UV/H2O2 
installations for municipal drinking water production or municipal water reuse (Audenaert, 
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2012). The number of UV/H2O2 installations is expected to grow rapidly, and in many cases, 
these UV-based AOP facilities are projected to be built as part of advanced wastewater 
treatment plants for the removal of endocrine disrupting compounds (EDCs) and 
pharmaceuticals and personal care products (PPCPs) (Malley, 2010).  
 
 
Figure 1-1. Number of UV/H2O2 installations worldwide for water treatment and water reuse 
since 2000. Inset: prediction for next decade (between 50 and 100 new installations) based on 
Malley (2010) (adapted from Audenaert, 2012). 
 
One of the major drawbacks of the AOPs is high energy consumption for achieving 
mineralisation of organic matter. UVC/H2O2 treatment can be integrated with coagulation 
pre-treatment and biological post-treatment to reduce the irradiation time. Aluminium and 
ferric-based coagulants are the most common coagulants used in water and wastewater 
treatment. Coagulation is a well-established process for the removal of suspended, colloidal 
and dissolved matter in water and wastewater. Coagulation has been commonly employed for 
the removal of NOM and is recommended for total organic carbon (TOC) reduction and DBP 
precursor removal due to its low-cost and effectiveness (USEPA, 1998).  
 
Coagulation may facilitate UVC/H2O2 treatment by removing some of the organic matter. 
Similarly biological treatment can be effective as a downstream treatment considering 
UVC/H2O2 treatment can break down high molecular weight (MW) compounds to small 
MW, more biodegradable compounds. The Biodegradable Dissolved Organic Carbon 
(BDOC) assay is commonly reported to investigate the biodegradability whereas BAC 
filtration, which is usually utilised after AOP treatment, can provide a better estimate of the 
biodegradability and overall removal of organic content removal.  
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One of the main challenges for UV-based AOPs has been the sustainability of the UV 
technology in terms of energy consumption and use of mercury. This has led to a search for 
more sustainable UV light sources that have longer life, greater energy efficiency and are free 
of toxic components such as mercury (Malley, 2010). The most promising new UV light 
sources are UV light emitting diodes (UV-LEDs). An increasing number of lab-scale 
investigations utilising UV-LEDs have been reported over the last few years, primarily for 
disinfection and degradation of individual organic compounds. Figure 1.2 shows the number 
of applications reported using UV-LEDs since 2005.  
 
 
Figure 1-2. Number of studies since 2005 using UV-LEDs for disinfection and degradation of 
organic compounds 
 
UVC/H2O2 treatment has been investigated for the treatment of different wastewaters 
including ROC (Westerhoff et al., 2009; Zhou et al., 2011a; Liu et al., 2012). Westerhoff et 
al. (2009) used a moderate salinity ROC (electrical conductivity 10,000 μS/cm) whereas that 
used by Zhou et al (2011a) was low in conductivity, i.e., 1705 μS/cm. Liu et al. (2012) 
investigated ROC samples of varying salinity (electrical conductivity 4.45-11.16 mS/cm), 
however the ROC used was prepared using a laboratory rig. The ROC samples used in this 
study wwere collected from a municipal wastewater treatment plant and were markedly high 
in electrical conductivity (~22-28 mS/cm). Coagulation has been investigated for low salinity 
ROC in recent studies (Bagastyo et al., 2011a; Zhou et al., 2011a), but the potential of 
sequential coagulation and UVC/H2O2 treatment for high salinity ROC has not been reported. 
Although the potential of BDOC assay and BAC treatment as downstream treatment of ROC 
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has been investigated in recent studies (Liu et al., 2012; Lu et al., 2013), sequential 
coagulation, UVC/H2O2 and biological treatment has been not been reported for ROC. In this 
thesis, sequential coagulation, UVC/H2O2 and biological treatment has been investigated for 
high salinity ROC to achieve a residual DOC of 15 mg/L. 
 
1.1. Objectives 
This study was conducted to address the following research questions: 
 
 What is the potential of the UVC/H2O2 process to degrade organic matter in high 
salinity ROC using a conventional UVC lamp and what is the impact on 
biodegradability? 
 How do aluminium and ferric-based coagulants impact the UVC/H2O2 process in 
terms of changes in organic matter, generation of biodegradability and energy 
efficiency? 
 How does sequential coagulation, UVC/H2O2 and biological treatment compare with 
the UVC/H2O2 stand-alone process to achieve a residual DOC of 15 mg/L? 
 What is the impact of the treatment(s) on the ecotoxicity and formation of disinfection 
by-products? 
 What is the potential of the UVC/H2O2 process to degrade organic matter in high 
salinity ROC using UVC-LEDs? 
 
1.2. Thesis Structure 
Chapter 2 provides an extensive and critical review of the literature on the various treatments 
reported for the treatment of ROC. This chapter looks at the use of RO based reclamation 
schemes around the world, increasing concerns related to the disposal of ROC, and the 
various treatments that have been reported for the treatment of ROC. Moreover, the literature 
review identifies research gaps and makes recommendations to address those gaps. Part of 
this chapter was entitled “Recent advancements in the treatment of municipal wastewater 
reverse osmosis concentrate – An overview” and published in Critical Reviews in 
Environmental Science and Technology. 
 
Chapter 3 provides the Materials and Methodology used to carry out this research. 
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The work reported in Chapter 4 was carried out to investigate the potential of UVC/H2O2 
treatment for the degradation of organic matter of high salinity ROC. The process efficiency 
was compared for three ROC samples of varying organic and inorganic characteristics under 
different irradiation times. Some of the findings reported in this chapter were entitled 
“Assessing the potential of a UV-based AOP in treating high-salinity municipal wastewater 
reverse osmosis concentrate” and published in Water Science and Technology. 
 
Chapter 5 investigated the impact of using aluminium coagulation prior to UVC/H2O2 
treatment. The best coagulation pH and dosage was determined for the two high salinity ROC 
samples of comparable organic and inorganic content and the impact of coagulation on 
subsequent UVC/H2O2 treatment and BDOC assay was investigated. Part of this work was 
entitled “Effect of coagulation on treatment of municipal wastewater reverse osmosis 
concentrate by UVC/H2O2” and published in the Journal of Hazardous Materials.     
  
Chapter 6 provides a comparison of two aluminium (alum and aluminium chlorohydrate 
(ACH)) and two ferric-based coagulants (ferric chloride and ferric sulphate) under the best 
pH and coagulant dosage conditions. The change in biodegradability after UVC/H2O2 
treatment of the coagulated samples was investigated and a comparison of electrical energy 
per order was made for a target residual DOC of 15 mg/L. The trade-offs for each coagulant 
taking irradiation time, cost and chemical use into account are discussed.        
 
Chapter 7 compares alum, ferric chloride and ferric sulphate for the pre-treatment of high 
salinity ROC for subsequent UVC/H2O2 and BAC treatment. The best coagulation and 
UVC/H2O2 conditions were selected considering the findings reported in Chapter 6. 
Coagulation followed by UVC/H2O2 and BAC treatment was proposed as a potential 
approach for the treatment of ROC to enable its reuse and/or safe disposal to the environment 
taking into account the best coagulant dose for minimal chemical consumption and reduced 
irradiation time for energy efficiency. The formation of a range of DBPs and ecotoxicity after 
various treatments was investigated and discussed.        
 
The potential of UVC-LEDs as UV source in a prototype UVC-LED reactor was investigated 
and the results are reported in Chapter 8. The impact of irradiation times and pH was 
investigated on the degradation of EfOM in ROC with and without coagulation using alum. 
The biodegradability (using BDOC assay) after UVC/H2O2 treatment was determined and a 
preliminary EED was calculated and compared with that for the conventional UVC lamp 
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reactor used in the work reported in the previous chapters. The major findings of this work 
entitled “Treatment of municipal wastewater reverse osmosis concentrate using UVC-
LED/H2O2 with and without coagulation pre-treatment” were published in the Chemical 
Engineering Journal. 
 
Chapter 9 provides the conclusions from this study and recommendations for further work.  
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Chapter 2. Literature Review 
 
This chapter provides an overview of the literature of the applications of RO in the water 
industry, benefits and drawbacks of the technology, composition and potential implication of 
the disposal of ROC. The use of various processes for the treatment of ROC are discussed and 
reviewed.      
 
2.1. Introduction 
 
Reverse osmosis (RO) technology has become a practical and affordable means of producing 
high quality recycled water due to its effective and reliable purification performance, and is 
now widely used for the polishing of secondary effluent in water reclamation schemes such as 
aquifer recharge, non-potable and indirect potable reuses. RO membranes were the first to be 
commercialized at large scale and since then they have gained significant interest in the water 
industry (UCLA, 2011). RO membranes have been proven to be highly effective for rejecting 
a wide variety of organic compounds in feed water: micropollutants such as endocrine 
disrupting compounds (EDCs), pharmaceuticals and personal care products (PPCPs) and 
hormones (Nghiem and Schäfer, 2006; Snyder et al., 2007a), various ions and salts (Lee et al., 
2009a), and biological materials (Comerton et al., 2005).   
 
Currently, there are more than 50 plants with capacity >10 MLD worldwide that use RO post 
UF/MF as a membrane filtration stage post conventional activated sludge for municipal 
wastewater reuse applications (Graeme Pearce, 2013, personal communication, 2013). It is 
expected that there would be at least 10 times the number of plants with capacity <10 MLD 
than those with capacity >10 MLD (Graeme Pearce, 2013, personal communication). Some of 
the major domestic wastewater facilities using RO-based processes include the Sulabaiya 
reclamation facility in Kuwait (375 megalitres per day (MLD)), Orange County, USA (328 
MLD), Changi (232 MLD) and Ulu Pandan in Singapore (197 MLD) (Raffin et al., 2013). 
Other notable examples include West Basin (50 MLD) in California, Kranji (40 MLD) and 
Bedok (32 MLD) reclamation plants in Singapore.  
   
The reclaimed water is used for irrigation, groundwater replenishment, indirect potable use 
and industrial purposes. In 2008, global water reuse was just under 0.2% of total water 
abstraction, however with a forecast annual growth rate of 14%, it has been predicted to 
outstrip desalination by 2020 (Pearce, 2008).  
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Due to increasing osmotic pressure and membrane scaling issues during the RO process, it is 
generally impractical to obtain 100% water recovery. Approximately 20-30% of the input 
stream is consequently left as RO concentrate which contains almost all the constituents from 
the RO feed at elevated concentrations. Traditionally, the disposal of concentrate has been by 
direct discharge to surface water, sewer disposal, evaporation ponds, deep well injection and 
zero liquid discharge (Khan et al., 2009). Each disposal method has its own limitations. 
Furthermore not all these disposal methods are suitable for the concentrate arising from 
municipal wastewater treatment. Direct discharge and sewer disposal are the widely used 
disposal options, not only for municipal wastewater ROC (Khan et al., 2009), but also for that 
generated from desalination plants (Mickley, 2001). However, sewer disposal is mostly only 
suitable for small plants discharging into large capacity sewage treatment facilities due to the 
detrimental effects of the high TDS concentration of ROC on the biological treatment 
process, as some inhibition may begin to occur when influent TDS exceeds 3 g/L 
(Voutchkov, 2005). Furthermore, the disposal of ROC to sewer will result in the build-up of 
salt level in the long term and so it is not a sustainable option for RO-based wastewater (WW) 
recycling schemes. Discharging the ROC to the environment, particularly bays or inland 
aquatic systems, can pose serious health and environmental risks and may have a deleterious 
impact depending on the type and concentration of contaminants in the ROC.  
 
Given the increasing use of RO in generating reusable water, the resultant concentrate 
volumes facilities need to deal will also increase which present new challenges, particularly 
for inland cities (Khan et al., 2009). Sustainable management of ROC remains one of the 
major environmental and economic challenges to the water industry as it is one of the greatest 
limitations to the implementation of RO processes. Although conventional disposal methods 
continue to be commonly practiced, the issue of the safe disposal of ROC has been 
increasingly focused upon in recent years to avoid potential long term environmental and 
health impacts and to increase the overall yield of reclaimed water. For example, in Brisbane, 
the Bundamba advanced wastewater treatment plant which contributes purified recycled 
water to the Western Corridor Recycled Water Scheme, the largest recycled water scheme in 
Australia and the third largest advanced water treatment project in the world, is required to 
treat ROC and monitor nutrients and metal concentration prior to its discharge into the 
Brisbane River (Buchanan and Vargas, 2011).  
 
The need for new technical and regulatory approaches to facilitate the expansion of 
membrane-based processes and water reuse applications has been emphasized by the U.S. 
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Bureau of Reclamation (USBR, 2003) and the U.S. WaterReuse Foundation (Jordahl, 2006). 
In addition to minimizing the environmental impacts, the economically profitable reuse 
applications can help to offset the costs of treatment processes (Khan et al., 2009). Another 
benefit of treating ROC is that the contaminants are in a much smaller volume (about ¼ of the 
feed), making the treatment potentially more cost-effective. As a result, there has been 
growing interest in developing cost-effective ROC treatment strategies over the past decade.  
 
Several treatment schemes have been investigated for the treatment of ROC, including 
physico-chemical and biological processes. Advanced oxidation processes (AOPs) have been 
the most widely investigated treatment. However these are energy intensive, and considering 
that ROC has low transmittance and high HO
•
 scavenging potential, these processes may 
incur significant cost if used as a single treatment. However integrating suitable pre- and post-
treatment can significantly improve the cost effectiveness of the AOPs.  
 
2.2. ROC contaminants and potential environmental implications 
 
Municipal wastewater generated from residential, commercial and industrial areas is 
generally rich in a wide range of organic pollutants such as humic substances, extracellular 
polymeric substances and soluble microbial products (SMPs), proteins, carbohydrates, fats, 
oil/grease, surfactants and trace chemicals such as EDCs and PPCPs. An endocrine disrupting 
compound is defined as “an exogenous substance or mixture that alters the function(s) of the 
endocrine systems and consequently causes adverse health effects in an intact organism, or its 
progeny or sub-populations” (EDSTAC, 1996). According to the US EPA, PPCPs refers “to 
any product used by individuals for personal health or cosmetic reasons or used by 
agribusiness to enhance growth or health of livestock”. The rejection of various organic, 
inorganic and biological constituents by RO membranes implies elevated concentrations of 
these pollutants in ROC. Typically, ROC contains moderate to high concentrations of both 
natural and synthetic organic and inorganic pollutants.  
 
The characteristics of ROC used in various studies are given in Table 2.1. These vary 
significantly depending on feed water quality, quality of water produced, type of pre-
treatment, and the nature of chemicals such as antiscalants used (e.g., polyacrylates, 
polyacrylic acids or polyphosphates) (Chelme-Ayala et al., 2009; Khan et al., 2009). Addition 
of acid (such as sulphuric acid) may also be needed for pH correction. Both antiscalants and 
acids influence the chemical equilibrium of the dissolved constituents (van der Bruggen et al., 
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2003). In some cases, biocides are used to avoid the formation of biofilm on the membrane 
surface. Hence ROC differs from the feed water or secondary effluent not only with regard to 
the concentration of contaminants but it can also be different in terms of character of the 
organic and inorganic pollutants by virtue of the chemicals used prior to the RO treatment. 
Limited knowledge on the stability, residence time and ecotoxicity of antiscalants is available 
(Ahmed et al., 2000). However, it is expected that antiscalants may adversely affect the health 
of the receiving ecosystem. 
 
Table 2.1. Comparison of municipal wastewater ROC characteristics 
pH 
Conductivity 
(μS/cm) 
TOC 
(mg/L) 
COD 
(mg/L) 
TDS 
(mg/L) 
Colour 
(Pt.Co) 
A253.7 
(1/cm) 
DOC 
(mg/L) 
Reference 
 
7.8 5500 117 - - - - - Fujioka et al. (2014) 
8.8 3800 - - - 55 0.42 22 Hurwitz et al. (2014) 
7.8 5200 - 175 - 274 - 53 Bagastyo et al. (2013) 
8.3 5960 27.6 77 - - 0.595 - Justo et al. (2013) 
7.0 - - 83 ± 20 - - 0.5 24 ± 6 Vendramel et al. (2013) 
7.66 ± 0.18 ~6000 - 136 ± 8 - 55.2 ± 4 0.8, 0.41 42 ± 2 Bagastyo et al. (2012) 
8.5 4445-11160 - 65, 67 1685 55, 88 0.43 ~21 Liu et al. (2012) 
7.82 3870 37-40 91± 9 - - - - Ghyselbrecht et al. (2012) 
7.8, 8.1 7300, 12760 - 147, 168 - 101, 228 ± 50 - 42-62 ± 4.5 Bagastyo et al. (2011a) 
~8 ~4900-5000 - ~166-173 - 172-181 1.2-1.3 ~56-58 Bagastyo et al. (2011b) 
7.7-7.8 3850, 4170 - - 2190 - 0.27, 0.28 12, 13 Comstock et al. (2011a) 
7.5-7.7 3970-4250 - - - - 0.91-1.32 57 Radjenovic et al. (2011) 
7.5 5000 40 - - - - - Zhang et al. (2011) 
6.9 ± 0.2 1705 ± 21 18 ± 2 60 ± 5 1129 ± 40 144 ± 10 - - Zhou et al. (2011a) 
8.3 22300 25-36 120-190 14745 - - - Zhou et al. (2011c ) 
7.9 1700-4800 - - - - - - Pérez et al. (2010) 
7 - - 470 - - - 95 van Aken et al. (2010) 
7.5 ± 0.2 1990 ± 259 24.5 ± 5 - 1276 ± 166 - - - Lee et al. (2009a) 
7.15 1972 18.4, 15.6 - - - 0.51 - Lee et al. (2009a,b) 
7 10,000 - 138 5560 - - 40 Westerhoff et al. (2009) 
8.5-12.3 - - - - - - - Dialynas et al. (2008) 
7.72 ± 0.53 2025 ± 151 31.1 ± 3.4 - - 109 ± 1 - - Ng et al. (2008) 
7.91,8.21,8.74 3990, 5060, 5290 - 151, 171, 218 - - - - van Hege et al. (2004a) 
 
A comparison of the various pharmaceuticals found in ROC exhibited an average 
concentration factor of 3-4-fold that of the municipal effluent (Benner et al., 2008) warranting 
their removal from ROC prior to discharge.  
 
Although these micropollutants are found in low concentrations, their long term exposure can 
have adverse ecological and health effects. For example, PPCPs can exert toxicity on aquatic 
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organisms, hormone disrupting agents can interfere with natural hormones, and antibiotics 
can induce bacterial resistance (Huber et al., 2005). High concentrations of salts can also have 
consequences such as formation of a dense plume in the vicinity of the diffuser system under 
calm wind conditions, as reported during field investigations at the Perth desalination plant 
(Okely et al., 2007), and ion imbalance-triggered toxicity to aquatic flora and fauna (Khan et 
al., 2009). An increasing regulatory concern is the long term implication of organically bound 
nutrients (Bagastyo et al., 2011a), i.e., the nutrients inherently bound within the structure of 
the organic compounds.   
 
ROC is also rich in several inorganic constituents such as heavy metals and various cations 
and anions. Depending on the nutrient removal scheme utilized in the secondary treatment, 
ROC may also contain phosphorus and nitrogen, with some of the nitrogen in the form of 
ammonia which is toxic to many aquatic species (Walker et al., 2007). The concentration of 
phosphate in ROC can be as high as 40 mg/L for a feed phosphate concentration of 5 mg/L 
(Kumar et al., 2007). Due to its high salt content, the electrical conductivity of ROC is 
generally very high and any pH adjustment will increase it (Lee et al., 2009a).  
 
High concentrations of nutrients (phosphorus and nitrogen) can cause eutrophication in the 
receiving marine waters (Meerganz von Medeazza, 2005). Similarly the excessive discharge 
of nutrients in freshwater environments can contribute to profligate algal growth and 
subsequent deoxygenation with serious implications to susceptible waterways (Davis and 
Koop, 2006).  
 
Depending on the final disposal or reuse application, the ROC may be required to be treated 
to an acceptable level of the target contaminants which is discussed in the next section. 
 
2.3. Treatment of ROC 
 
As noted earlier, the conventional methods for ROC management are constrained due to 
increased environmental awareness, reuse requirements, and stringent regulations. Reclaimed 
water guidelines depend on the end use and are generally based on pH, suspended solids or 
turbidity, biochemical oxygen demand, biological indicators (total or fecal coliforms), 
nutrient level and chlorine residual. For example, water reuse guidelines and regulations for 
landscape irrigation in California require total coliform count <2.2/100 mL, turbidity <2 NTU 
(24 h median) and chlorine residual >5 mg/L (EPA, 2004). Similarly in Victoria, Australia, 
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the water quality criteria for irrigation of crops consumed raw and non-potable uses must 
meet class A recycled water standard (EPA, 2003). Class A is the highest quality recycled 
water with E. coli count <10 per 100 mL, turbidity <2 NTU, BOD <10 mg/L, 5 mg/L SS and 
1 mg/L Cl2 residual. Various treatment schemes have been proposed for the treatment of 
ROC, including physico-chemical and biological processes and their combinations. 
Coagulation/flocculation, activated carbon adsorption, oxidative and biological processes, 
either alone or in combination, have been studied for the treatment of ROC. The following 
section provides an overview of the various processes used.  
 
2.3.1. Physico-chemical treatment of ROCs 
 
2.3.1.1. Coagulation 
 
Coagulation is a relatively simple and commonly applied process for the treatment of water 
and wastewater. It consists of four distinct mechanisms: (1) compression of the diffuse layer 
(van der Waals interaction); adsorption to produce charge neutralization (destabilization), (3) 
enmeshment in a precipitate when a high dosage of coagulant is used, leading to sweep 
coagulation; and (4) adsorption to permit inter-particle bridging (complex between particle 
and polymer with synthetic organic coagulant) (Vigneswaran and Visvanathan, 1995). The 
predominant mechanism mainly consists of charge neutralization of negatively charged 
colloids by cationic hydrolysis products (Duan and Gregory, 2003b). Aluminium sulphate, 
polyaluminium chloride and ferric salts are among the most commonly used coagulants in 
water and wastewater treatment.   
 
Table 2.2 lists the studies reported for the treatment of municipal wastewater ROC by 
coagulation. Dialynas et al. (2008) evaluated the performance of coagulation with alum and 
ferric chloride for the concentrate obtained from the RO treatment of a membrane bioreactor 
effluent using a lab-scale RO pilot unit. Coagulation using ferric chloride gave a DOC 
reduction of 52% (initial DOC, 12.3 mg/L) at an optimum dosage much less than that of Al
3+
, 
i.e., 0.4 mM as Fe
3+
. Using a higher concentration of ferric chloride (1 mM Fe
3+
) than 
Dialynas et al. (2008), much lower removal of DOC (initial concentration, 18 mg/L) was 
reported by Zhou et al. (2011a) for the ROC collected from the second stage of an RO 
process. The authors established that the DOC removal increased with increasing dosage of 
coagulant up to 1 mM to give a DOC removal of 26.4%. 
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Table 2.2. Performance of coagulation for removal of organic content of ROC 
Type Parameters and removal Reference 
 DOC removal (%) Dosage (mM) pH  
Alum 52, 25 1.5 5 Bagastyo et al. (2011a)* 
Ferric 34, 38 1.5 5 Bagastyo et al. (2011a)* 
Ferric 58 8.95 7.7 Comstock et al. (2011a) 
Ferric chloride 26 1 - Zhou et al. (2011a) 
Fe
3+
 5 - - Westerhoff et al. (2009) 
Alum 42 2 - Dialynas et al. (2008) 
Ferric 52 0.4 - Dialynas et al. (2008) 
- not given; *authors used two ROC samples of different initial DOC concentration 
 
Coagulation of ROC (initial DOC, 13 mg/L) obtained from a municipal drinking water 
treatment plant was investigated by Comstock et al. (2011a) using ferric sulphate at three 
metal dosages (1.79, 4.48, 8.95 mM Fe
3+
). Although the initial DOC concentration of ROC 
was comparable with that of Dialynas et al. (2008), they used a significantly higher dosage of 
coagulant (8.95 mM Fe
3+
)
 
for a fairly similar level of DOC reduction
 
(58%) due to the 
different source water and hence different characteristics of the organic content. Using two 
different ROC samples of considerably higher concentrations of DOC (42, 62 mg/L) than 
reported in the above mentioned studies, Bagastyo et al. (2011a) reported significantly 
different DOC reductions for both samples for Al
3+
, i.e., 52%, 25%. However, the reduction 
of DOC for Fe
3+
 was comparable for both samples, i.e., 34% and 38%. They found an 
optimum dosage of 1.5 mM for both coagulants at pH 5, with little improvement in the 
removal performance for higher dosages. Consistent with the findings of Dialynas et al. 
(2008), Bagastyo et al. (2011a) reported that Fe
3+
 performed better than Al
3+
, particularly for 
removing the colour and chemical oxygen demand (COD) from one of the ROC samples as 
well as good removal of non-coloured dissolved organic nitrogen (DON) compounds and 
other recalcitrant organic compounds which were not removed by Al
3+
. However similar 
removal efficiencies were reported for both coagulants for the other ROC sample as it was 
predominantly comprised of large molecular weight colour-causing compounds which were 
effectively removed by Al
3+
.  
 
Coagulation as a pre-treatment can increase the overall removal of organic compounds as 
found by Zhou et al. (2011a) who reported enhanced reduction of DOC by coupling 
coagulation (1 mM as FeCl3) with different AOPs. For an ozone dosage of 0.45 mg/L, 
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coagulated ROC showed markedly higher DOC reduction (45%) than using O3 alone. 
Similarly, a DOC reduction of 49% was reported when the coagulated ROC was treated by 
UVA/H2O2 treatment compared with the DOC reduction of <3% by the UVA/H2O2 treatment 
alone. Low mineralisation after UVA/H2O2 treatment can be attributed to the low molecular 
extinction coefficient and hence less generation of HO
• 
and less oxidation at this wavelength 
(H2O2.com, 2013). 
 
Coagulation as a pre-treatment has not been studied extensively for the treatment of ROC, 
and there is a lack of comparison of different coagulants and the optimum conditions in terms 
of coagulant dosage and pH. Taking into account that ROC may contain a significantly high 
concentration of salts (Zhou et al., 2011a) and coagulation of high-salinity water has been 
proposed to occur differently than for low-salinity water (Duan et al., 2002; Edzwald and 
Haarhoff, 2011), the process must be investigated for its efficiency in removing the organic 
content of high salinity ROC where applicable. Coagulation is well known to target large 
molecular weight compounds, however, a significant proportion of the organic content 
consists of low to medium MW compounds (Lee et al., 2009a) and therefore coagulation is 
not a viable option on its own and is recommended to be used as a pre-treatment.  
 
2.3.2.1.  Advanced oxidation processes 
 
Advanced oxidation processes are promising by virtue of the generation and the action of 
extremely reactive hydroxyl radicals (HO
•
). Due to their electrophilic nature, HO
•
 can non-
selectively oxidise almost all electron-rich organic molecules, eventually converting them to 
CO2 and water. Generation of HO
•
 leads to the oxidation of organic compounds by radical 
addition (Equation 2.1) and hydrogen abstraction which yields carbon-centered radicals 
(Equation 2.2) (Legrini et al., 1993). 
 
RH
•
 + O2 → RHOO
•
     Equation 2.1 
 
RH + HO
• → R• + H2O     Equation 2.2 
 
where R refers to the reacting organic compound. 
 
AOPs have proven highly efficient for treating complex compounds including recalcitrant 
organics in mature landfill leachate (Umar et al., 2010), anti-inflammatory and analgesic 
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pharmaceuticals and antibiotics (Motwani et al., 2011; Ziylan and Ince, 2011), chlorophenols 
(Al Momani et al., 2004; Saritha et al., 2009) and several EDCs (Olmez-Hanci et al., 2009; 
Wert et al., 2009; Bertanza et al., 2010; Mosteo et al., 2010). Various AOPs have been 
reported recently for the treatment of ROC. The following section provides an overview of 
these applications and Table 2.3 provides a summary of these investigations.   
 
2.3.2.2. UV/H2O2 treatment 
 
UVC/H2O2 is one of the most commonly used AOPs for the treatment of water and 
wastewater. Due to the successful application of UVC/H2O2 for treating recalcitrant 
compounds in domestic and industrial wastewater, its use in the treatment of ROC has 
recently been investigated by several researchers (Westerhoff et al., 2009; Zhou et al., 2011a; 
Liu et al., 2012; Justo et al., 2013). UV/H2O2 treatment is capable of removing a wide range 
of organic compounds of different MW (Dwyer and Lant, 2008; Bagastyo et al., 2011a). The 
generation of HO
• 
occurs by photolysis of H2O2 according to the following reaction 
(Baxendale and Wilson, 1957): 
 
H2O2 + hv → 2HO
•
     Equation 2.3 
 
Due to its weak acidity, H2O2 can dissociate to H
+ 
and HO2
-
 (Equation 2.4):  
 
H2O2 → H
+
 + HO2
-
     Equation 2.4 
 
HO2
-
 can be a source of HO
• 
under UV irradiation (Legrini et al., 1993) (Equation 2.5): 
 
HO2
-
 + hv → HO•     Equation 2.5 
 
Decomposition of H2O2 through dismutation is another way of HO
•
 generation (Legrini et al., 
1993) as described in Equation 2.6: 
 
H2O2 + HO2
- → H2O + O2 + HO
•
   Equation 2.6 
 
At high local HO
•
 concentration, recombination of HO
•
 occurs to form H2O2 (Legrini et al., 
1993) as given in Equation 2.7:  
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HO
•
 + HO
•
 → H2O2     Equation 2.7 
 
Formation of hydroperoxyl radicals (HO2
•
) which possess markedly lower oxidizing activity 
than HO
•
 takes place in the presence of excess H2O2 via the following reaction (Equation 2.8): 
 
H2O2 + HO
•
 → HO2
•
 + H2O    Equation 2.8 
 
A list of the recent studies using AOPs, including the UV/H2O2 process, for the treatment of 
ROC is given in Table 2.3. Using a lab-scale batch recirculation system Westerhoff et al. 
(2009) investigated the efficiency of the UVC/H2O2 process for treating ROC with an initial 
DOC concentration of 40 mg/L. A DOC reduction of 40% was reported using 10 mM H2O2
 
at 
pH 4 (UV fluence not given). Low DOC reduction (2.3 ± 2.8% at pH 6.9) was reported by 
Zhou et al., (2011a) for UVA/H2O2 treatment of raw ROC for a UV fluence of ~28×10
3
 
mJ/cm
2
 (irradiation intensity 7.7 mW/cm
2
, time 60 min) and H2O2 dosage of 10 mM. This 
low DOC reduction was probably due to the higher molar absorption coefficient of H2O2 at 
253.7 nm for UVC than at 360 nm for UVA as highlighted by Liu et al. (2011). 
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Table 2.3. DOC reduction of ROC by various AOPs 
DOC removal (%) Reaction time (min) H2O2 dose Process Reference 
*TOC, 9.6 61.7 0.54 mg/mg TOC UVC/H2O2 Justo et al. (2013) 
TOC, <1% 5.4 1.38 mg/mg TOC O3 Justo et al. (2013) 
40-60 120 3 mM UVC/H2O2 Liu et al. (2012) 
38, 40 120 11.8 mM UV/H2O2 Bagastyo et al. (2011a) 
43.5 - - UVA/H2O2 Zhou et al. (2011a) 
72 360 - UVA/TiO2 Zhou et al. (2011a) 
95 360 - UVC/TiO2 Zhou et al. (2011a) 
41.1 - - O3 Zhou et al. (2011a) 
43.6 - - US/O3 Zhou et al. (2011a) 
68.1 - - UV/TiO2/O3 Zhou et al. (2011a) 
~49-76 60 2-6 mM UVC/ H2O2 Liu et al. (2011) 
~56 60 2 mM VUV/ H2O2 Liu et al. (2011) 
COD, ~20 40 0.228 mol/mol O3 O3 van Geluwe et al. (2011) 
43 - 2.4 mM Fe
2+
/ H2O2 van Aken et al. (2010) 
19 - 2.4 mM UV/O3 van Aken et al. (2010) 
50 - 10 mM Fe
3+
/ H2O2 Westerhoff et al. (2009) 
75 - 0.7 mol/mol O3 O3/ H2O2 Westerhoff et al. (2009) 
40 - 10 mM UV/ H2O2 Westerhoff et al. (2009) 
80 - - UV/TiO2 Westerhoff et al. (2009) 
23.4 20 - O3 Lee et al. (2009a,b) 
49, 41 - - UV/TiO2 Dialynas et al. (2008) 
29, 34 - - US Dialynas et al. 2008) 
- not given 
* Total organic carbon 
 
Liu et al. (2011) compared the performance of UVC (253.7 nm) and VUV (253.7 + 185 nm) 
alone and in combination with H2O2 to treat three different ROC samples (DOC 20-25 mg/L) 
prepared from municipal secondary effluents using a batch lab-scale RO rig. VUV alone gave 
markedly higher DOC reduction (34%) compared with the UVC alone treatment (21%) which 
was attributed to the formation of HO
•
 in situ via water photolysis by the 185 nm component 
of VUV irradiation. However the time required to achieve this reduction was very high (3 h, 
UV fluence 13.9×10
5
 mJ/cm
2
). Therefore, they used various dosages of H2O2 (1-6 mM) 
combined with UVC irradiation and reported enhanced performance with proportional 
increase in reaction rate constant with increasing H2O2 dosage up to 2 mM. Scavenging of 
HO
• 
occurred for H2O2 dosage >2 mM which was attributed to the formation of the less 
reactive HO2
•
 (Equation 2.8) (Buxton et al., 1988). The kinetics for COD reduction by the 
UVC/H2O2 process were expressed as pseudo first-order for 30 min of reaction. The reduction 
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of DOC was faster at high H2O2 dosages, particularly in the first 1 h of reaction (UV fluence 
46.4×10
4
 mJ/cm
2
). The authors noted that the VUV/2 mM H2O2 process (UV fluence 64×10
4
 
mJ/cm
2
) gave comparable COD reduction (57%) to UVC/6 mM H2O2 treatment (55%) after 1 
h.  
 
Different from the reduction of COD, the DOC reduction (56%) by VUV/2 mM H2O2 was 
slower and less (76%) than the UVC/6 mM H2O2 treatment, but still greater than for the 
UVC/2 mM H2O2 treatment (49%) (Liu et al., 2011). The oxidation of organics was suggested 
to follow different pathways for the UV-based AOPs. Apart from the continuous generation 
of HO
• 
via water photolysis, the better performance of the VUV/H2O2 process can be 
attributed to initiation of the generation of hydroperoxyl radicals. Although these radicals 
possess lower oxidation strength than the hydroxyl radicals, their generation without 
compromising the generation of hydroxyl radicals can improve the oxidation efficiency 
through the additional breakdown of aromatic organics (Oppenländer et al., 2005). 
  
Compared with the DOC and COD reductions discussed above, much greater reduction in 
A253.7 (>90%) and colour (>95%) was noted for the UVC/H2O2 and VUV/H2O2 treatments 
(Liu et al., 2011). These large reductions were attributed to the breakdown of the conjugated 
and chromophoric structure of the organic compounds. Similar to the trends for DOC and 
COD reduction, the rate and extent of reduction in A253.7 and colour was greater for the 
VUV/H2O2 system, and the fluorescence excitation-emission matrix (EEM) spectra revealed 
that this was related to the more rapid and greater breakdown of the fluorophores.     
 
A batch study on the treatment of two ROC samples (DOC of 42 and 62 mg/L) collected from 
two different WWTPs was conducted by Bagastyo et al. (2011a) using the UVC/H2O2 process 
(UV fluence not given). Although the initial DOC concentration was comparable with that 
reported by Westerhoff et al. (2009), they used a considerably higher H2O2 dosage of 400 
mg/L H2O2 (11.8 mM) for a UV power consumption of 3.1 kWh/m
3
 for 120 min. Although 
the samples were of different initial concentrations, they exhibited fairly comparable COD 
(55% and 50%) and DOC removal (38% and 40%). Increasing the H2O2 dosage to 600 mg/L 
(17.6 mM) gave almost similar COD and DOC reductions. The reduction in DON was 32% 
and 27% for the two ROC samples using 400 mg/L H2O2. This poor DON removal was 
possibly due to the high proportion of low MW organic compounds which could have been 
neutral or positively charged compounds with low reactivity towards oxidation by the 
UVC/H2O2 process (Bagastyo et al., 2011a).  
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The impact of salinity and initial DOC concentration on the UVC/3 mM H2O2 treatment of 
ROC was investigated by Liu et al. (2012). Over 2 h of reaction (UV fluence 92.8×10
4
 
mJ/cm
2
), the reduction of DOC was influenced little by increasing the salinity 4-fold (original 
electrical conductivity of 2820 μS/cm). Increasing the initial DOC concentration (from 21 to 
26 and 30 mg/L) revealed similar trends in the reduction of normalised COD, DOC and 
A253.7. The target residual DOC concentration of <10 mg/L was obtained after 30 min UVC/3 
mM H2O2 (UV fluence 23×10
4
 mJ/cm
2
) with downstream biological treatment (as 
biodegradable dissolved organic carbon (BDOC) test), suggesting the applicability of 
biological post-treatment for improved overall performance and cost effectiveness as 
discussed in detail in Section 2.7. 
 
A recent study investigated the treatment of ROC using a combination of photochemical 
(UV) and electrochemical (EL) oxidation using a boron-doped diamond (BDD) electrode 
(Hurwitz et al., 2014). The authors concluded that the combined UVEL process led to 
synergistic reduction of organic matter as indicated by the markedly greater DOC reduction 
(80%) compared with individual UV (25%) and EL process (35%) after 5 h. Enhanced 
reduction of organic matter was attributed to the simultaneous and cooperative degradation of 
aliphatic bond and aromatic ring cleavage by UV and EL, respectively.  
 
pH is one of the important parameters affecting the efficiency of the UV/H2O2 process. Liu et 
al. (2012) investigated the effect of pH (pH 4, 6, 8.5 and 10) on the reduction of organic 
compounds by UVC/H2O2 treatment and found that it decreased with increasing pH. Low 
organic content reduction at high pH values was attributed to the presence of 
bicarbonate/carbonate (HCO3
-
/CO3
2-
) species which are strong 
•
OH scavengers (Eqs. 2.9 and 
2.10) (Weeks and Rabani, 1966).  
 
HCO3
- 
+ HO
•
 → CO3
-•
 + H2O
 
k = 1.5 × 10
7 
M
-1
s
-1  
Equation 2.9 
 
CO3
2- 
+ HO
•
 → CO3
-•
 + HO
-  
k = 4.2 × 10
8 
M
-1
s
-1  
Equation 2.10
 
   
 
The CO3
-•
 ion has a much lower oxidation potential and is highly selective in reacting with 
organic compounds compared with HO
•
 (Liao et al., 2001). Carbonate and bicarbonate 
species exist in approximately the same proportions at pH 10, whereas reducing the pH to 8.5 
results in the exclusive presence of HCO3
-
 (Oppenländer, 2003). As indicated by the reaction 
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constants given in Equations 2.9 and 2.10, since CO3
2-
 reacts with HO
•
 almost two 
magnitudes faster than HCO3
-
, a reduction in pH from 10 to 8.5 can improve the efficiency of 
the UVC/H2O2 process. A further reduction in pH to 6 leads to approximately 50% of the 
HCO3
- 
being transformed to H2CO3 which has very low reactivity with 
 
HO
•
, whereas at pH 4 
the main inorganic carbon component is dissolved CO2, only 0.1% of which reacts with water 
to form H2CO3 (Oppenländer, 2003). Thus the scavenging effect caused by the HCO3
-
/CO3
2-
 
species is almost completely eliminated at pH 4 leading to better oxidation performance.  
 
Although UVC/H2O2 is promising for oxidizing large, recalcitrant organic compounds to 
small MW, more biodegradable compounds, the process may incur high energy requirements 
for wastewater such as ROC with inherent low transmittance and high HO
• 
scavenging 
potential, limiting its economic feasibility. The oxidation efficiency of UVC/H2O2 can be 
improved taking into consideration the wavelength of UV irradiation and optimization of UV 
and H2O2 dosages. A stepwise or continuous addition of H2O2 can be considered to improve 
removal efficiency as reported by Liu (2011), and reduce overall chemical consumption as 
established for other hard-to-treat wastewaters such as landfill leachate (Primo et al., 2008; 
Hermosilla et al., 2009).  
 
A significant improvement in the degradation efficiency can be achieved by reducing the pH 
to an appropriate value to avoid scavenging of hydroxyl radicals by HCO3
-
/CO3
2-
. However, 
then the pH of the treated water has to be raised to neutral for its reuse which involves the 
addition of chemicals. Pre-treatment for the UVC/H2O2 process can significantly improve 
transmittance of ROC, leading to reduced chemical consumption (H2O2.com) and radiation 
dose. Although the UVC/H2O2 process has increasing applications in treating drinking water 
and tertiary treated water, to date its application to ROC treatment has been limited to lab 
studies.  
 
2.3.3.3. UV/TiO2 photolysis 
 
Heterogeneous photocatalysis using UV/TiO2 is one of the most common photocatalytic 
processes and is based on the absorption of photons with energy higher than 3.2 eV 
(wavelengths lower than ~390 nm). Electron-hole pairs develop when TiO2 is excited with 
ultraviolet light (Eq. 2.11). These electron–hole pairs have an oxidizing potential of 2.9 V 
which is sufficient to oxidize most contaminants (Hofstadler et al., 1994).  
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TiO2 + hν → eCB
−
 + hVB
+    
Equation 2.11 
 
The generation of HO
• 
occurs when the hole produced by irradiation reacts with water or 
surface-bound hydroxyl ion (Baird, 1997) as given in Eqs. 2.12 and 2.13. 
 
H2O(ads) + hVB
+
 → HO• + H+    Equation 2.12 
 
OH(ads)
−
 + hVB
+
 → HO•    Equation 2.13 
 
A list of studies conducted on the treatment of ROC using the UV/TiO2 process alone or in 
combination with other AOPs is given in Table 2.3.  
 
A suspension of TiO2 was used with irradiation by UVA in a batch type laboratory scale 
photoreactor for the treatment of ROC by Dialynas et al. (2008). For a reaction period of 60 
min only a small difference in the reduction of DOC was reported after doubling the dosage 
of TiO2, i.e., 41% and 49% for 0.5 g/L and 1 g/L TiO2, respectively. This was probably due to 
the increasing opacity caused by the suspended catalyst (Gogate and Pandit, 2004).  
 
Westerhoff et al. (2009) reported a maximum DOC reduction of up to 95% with the 
UVC/TiO2 process followed by biological treatment (Table 2.3). Comparison of UV/TiO2 
treatment with other processes (coagulation, Fenton and O3/H2O2) for treating ROC suggested 
that UV/TiO2 is the most effective both in terms of DOC reduction and energy efficiency 
(Westerhoff et al., 2009). The removal of trace organics was also effective and all 16 
pharmaceutical compounds monitored were reduced to below the detection limit of 2 ng/L. 
 
Similar to UV/H2O2 treatment, the UV/TiO2 process performed better at pH 5 than at pH 7 
(Westerhoff et al., 2009). As the pH was increased to 7 the carbonate/bicarbonate species 
reduced the steady state HO
• 
concentration and thus reduced the oxidation efficiency of the 
process. pH is the most important parameter affecting the zeta potential of TiO2 and hence its 
affinity for the organic matter. Under acidic conditions, the positively charged surface of the 
TiO2 leads to greater affinity towards organic matter than under alkaline conditions.  
 
Zhou et al. (2011a) studied various AOPs including UVA/TiO2 and UVC/TiO2 for the 
treatment of ROC. The TiO2 dosage used was 1 g/L and light intensity was 7.1 and 9.1 
mW/cm
2
 for UVA and UVC lamp, respectively. They showed that UVC/TiO2 was more 
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effective for reducing the DOC of ROC and the improvement was more pronounced for 
samples pre-treated by coagulation with ferric chloride compared with the raw ROC samples. 
The treatment of coagulated samples showed a DOC reduction of 95% (UVC/TiO2) and 72% 
(UVA/TiO2) after 6 h. The authors also investigated UVA/TiO2 treatment with O3 and 
reported that the presence of O3 gave an additional 38% DOC reduction (cumulative DOC 
removal of 52%), and when coagulated ROC was treated by the UVA/TiO2/O3 process, the 
overall DOC reduction was 68% after 1 h compared with 42% under similar conditions 
without O3. The improved DOC reduction for UVA/TiO2/O3 was attributed to the continuous 
in situ generation of HO
•
 according to Eqs. 2.14 and 2.15 in addition to the individual 
ozonation and photocatalysis steps (Zhou et al., 2011a).   
 
e
−
 + O3 → 
•
O3
-
     Equations 2.14 
 
O3
-
 + H
+
 → HO• + O2      Equations 2.15 
 
The use of the UV/TiO2 system has been proven efficient for the degradation of organic 
compounds at lab scale. However, when the UV/TiO2 system is used with suspended catalyst 
particles as in the case of Westerhoff et al. (2009) and Zhou et al. (2011a), concerns may arise 
regarding their separation and recycling which can be an inconvenient, time-consuming and 
expensive process (Ray and Beenackers, 1998). Moreover, the solution will be less penetrable 
by UV radiation (i.e., have low UV transmissivity) in the presence of the suspended catalyst 
particles (Ray and Beenackers, 1998). Therefore the dosage of catalyst needs to be carefully 
selected and investigation of the effect of pH and other variables is needed to achieve 
maximum process efficiency.  
 
2.3.3.4. Ozonation 
 
Due to its high oxidation potential, ozone is extremely effective for several applications in 
water and wastewater treatment such as colour removal, odour and taste control, disinfection 
and removal of resultant by-products, degradation of organic compounds and biodegradability 
improvement of recalcitrant wastewaters (van Geluwe et al., 2011). Organic contaminants are 
oxidized through direct reaction with molecular ozone or through indirect reactions with free 
radicals (HO
•
) (Broséus et al., 2009). Direct electrophilic attack by molecular ozone 
(ozonolysis) is highly selective and takes place under acidic or neutral conditions, or in the 
presence of radical scavengers that inhibit the chain reaction responsible for ozone 
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decomposition. However, due to the presence of several types of radical scavengers in 
wastewater such as carbonate and bicarbonate, oxidation by molecular ozone is the dominant 
mechanism, particularly at lower ozone dosages (Nakada et al., 2007).  
 
Ozone decomposition takes place in chain reactions which include initiation (Equations 2.16 
and 2.17), propagation (Equations 2.19-2.23) and termination steps as given below: 
 
Initiation: 
 
The reaction between OH
-
 ions and O3 results in the formation of hydroperoxide ion (HO2
-
) 
and is considered as the first reaction of the mechanism (Beltrán, 2004) (Equation 2.16). 
 
O3 + OH
-
 → HO2
-
 + O2    Equation 2.16 
 
The hydroperoxide ion then reacts with O3 to give: 
 
HO2
- 
+ O3 → HO2
• 
+ O3
-•
    Equation 2.17 
 
Propagation: 
 
Further decomposition of ozone takes place due to its reaction with O2
•-
 that leads to the 
formation of ozonide ion (O3
•-
) (Equation 2.18):  
 
O3 + O2
•- → O3
•- 
+ O2      Equation 2.18 
 
The ozonide ion ultimately protonates to form HO3
• 
(Equation 2.19) which is then converted 
to HO
•
 (Equation 2.20). The HO
•
 can react with O3 to form HO4
• 
(Equation 2.21) followed by 
the decomposition of HO4
• 
to HO2
• 
(Equation 2.22).    
 
O3
•- 
 + H
+
 → HO3
•     
Equation 19 
 
HO3
•
 → HO• + O2      Equation 20 
 
O3 + HO
• → HO4
•    
   Equation 21 
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HO4
•
 → HO2
• 
+ O2    
   
Equation 22 
 
Termination: This step involves any recombination of HO
•
, HO2
•
 and O2 
 
Ozonation of ROC has been reported either alone or in combination with other AOPs (Table 
2.3). Ozone as an individual process has been reported for the degradation of organic content 
of ROC by Zhou et al. (2011a) and Lee et al. (2009b) for comparable initial TOC and COD 
concentrations of ~18 and 60-65 mg/L, respectively. Zhou et al. (2011a) investigated the 
degradation of organic compounds using O3 alone (1 L/min; 17.6 ± 8.3 mg/h) and reported a 
DOC and COD reduction of 22% and 14%, respectively, whereas the corresponding colour 
reduction was 90%. Lee et al. (2009b) investigated the reduction of organic content in batch 
and continuous lab experiments. The reduction of TOC in batch experiments was 25% after 
20 min ozonation (10 mg O3/L) corresponding to 1.65 mg O3 consumed per mg TOC 
removed. The improvement in TOC reduction was <2% when the ozone dosage was 
increased from 6 mg/L to 10 mg/L suggesting that the remaining organic compounds were 
recalcitrant to ozone. As direct ozone attack is the prevailing mechanism at neutral pH, and 
given that the authors performed ozonation at pH 7.1, the organics were believed to be 
converted to carboxylic acids which are recalcitrant to molecular ozone (Lee et al., 2009a, 
2009b). The reduction of A253.7 under similar conditions was 75% whereas complete 
decolourization was achieved for ozone dosage of as low as 3 mg O3/L. The consumption of 
O3 was 0.36 ± 0.08 mg for each mg TOC reduced.  
 
Ozone in combination with UV irradiation generated from a medium pressure UV lamp has 
been investigated for the degradation of the organic content of ROC (van Aken et al., 2010). 
They performed a batch study on the degradation of a very high organic content ROC (DOC 
of 95 mg/L) at ozone flow rate of 4 g/h and reported a fairly low DOC reduction of 19%, but 
the process improved the biodegradability of the treated concentrate as indicated by a 13% 
increase in the BOD/COD ratio.  
 
Combination of ozone with other AOPs has been investigated by Zhou et al. (2011a). For raw 
concentrate, combination of other AOPs with O3 (UVA/O3, ultrasound (US)/O3, 
UVA/H2O2/O3 and US/H2O2/O3, UVA/TiO2/O3) did not show any significant improvement in 
DOC reduction than exhibited by O3 alone, suggesting that the selective oxidation by 
molecular O3 proved more efficient than the non-selective HO
•
 oxidation which is consistent 
with the findings of Nakada et al. (2007). A greater reduction in aromatic content (SUVA) of 
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raw ROC was observed with O3-based AOPs compared with other AOPs (UVA/H2O2, 
UVA/TiO2, US/H2O2, US/UVA/TiO2). Although the O3-based AOPs exhibited better DOC 
reduction than non-O3 based AOPs, the organic content in treated ROC was not susceptible to 
further mineralization emphasizing the role of non-selective HO
•
 oxidation for improving the 
overall treatment performance. Ozone in combination with H2O2 (0.7 mol H2O2 per mol of O3 
dosage) was investigated by Westerhoff et al. (2009) who reported a DOC reduction of 75%. 
However the dosage of O3 used to achieve this removal was very high (1000 mg/L).  
  
Thus it can be concluded that ozonation is promising for the oxidation of the organic content 
of ROC, particularly as pre-treatment, due to its ability to convert large organic compounds 
into smaller organic compounds. The formation of oxygenated saturated bonds, particularly 
carboxylic acids, hinders the extensive degradation of organic content by ozone. Complete 
mineralization is generally impossible with ozone alone and an appropriate combination of 
ozone with another AOP and a biological process as post-treatment can improve the overall 
performance. Research on the oxidation of individual organic species and their rate constants 
is needed to understand the degradation mechanism and to address the post-treatment issues 
related to ozone toxicity as discussed in Section 2.9. 
 
2.3.3.5. Electrochemical oxidation 
  
Electrochemical treatment appears to be a promising approach to treat ROC due to indirect 
bulk oxidation through the generation of hypochlorite (electro-generation of active chlorines) 
(Eqs. 2.23 and 2.24), and simultaneous oxidation of total ammonium nitrogen (TAN) and 
recalcitrant organic compounds (Pérez et al., 2010; Zhou et al., 2011a).  
 
2Cl
-
 → Cl2 + 2e
-
     Equation 2.23 
 
Cl2 + H2O → HClO + H
+
 + Cl
-
   Equation 2.24 
 
Several electrode types (BDD, Ti/SnO2-Sb, Ti/PbO2, Ti/Pt-IrO2, Ti/IrO2-Ta2O5, Ti/RuO2-
IrO2) have been investigated for the treatment of ROC, however, BDD electrodes have been 
proven to be promising due to their potential for generating oxygen evolution intermediates, 
mainly HO
•
 (Panizza et al., 2008). Anodic degradation of pollutants is principally due to the 
generation of electro-generated HO
• 
(Chen X et al., 2003) as expressed by Equation 2.25:  
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BDD + 2H2O → BDD(HO
•
) + 2H
+
 + 2e
-
  Equation 2.25 
 
The effectiveness of different electrochemical processes for the treatment of ROC is given in 
Table 2.4. Using BDD electrodes, van Hege et al. (2002) reported >80% decolourisation and 
50% reduction of A253.7 for a charge (Q) input of 2 Ah/L
 
using ROC produced from a two-
stage RO pilot installation processing mixed domestic and textile wastewater. The ROC had a 
high COD (151-218 mg/L) and low biodegradability (average BOD28/COD of 0.3). They 
concluded that DOC and TAN were predominantly degraded through indirect oxidation by 
hypochlorite in the bulk solution. 
 
Table 2.4. Performance of electrochemical oxidation for treatment of ROC 
COD 
reduction 
(%) 
DOC 
reduction 
(%) 
Energy 
(kWh/g COD) 
Contact time 
(min) 
Current density 
(A/m2) 
Electrode type Reference 
100 48, 59 - - - BDD Bagastyo et al. (2011a) 
60-74 41-51 - - - BDD/MM Bagastyo et al. (2011b) 
- ~31, 9 0.35, 0.70 (DOC) 2-23.5 h, 75 250 Ti/RuO2/IrO2 Radjenovic et al. (2011) 
100 - 0.158 90 250 BDD Zhou et al. (2011c ) 
100 - 0.048 120 250 Ti/RuO2/IrO2 Zhou et al. (2011c ) 
41 - 0.05 120 250 Ti/RuO2/Ta2O5 Zhou et al. (2011c ) 
- 100 - 300 200 BDD Pérez et al. (2010) 
- 30, 36 - 30 - Si/BDD Dialynas et al. (2008) 
56.2 - - - 200 BDD van Hege et al. (2004a) 
11.7 - - - 200 RuO2 van Hege et al. (2004a) 
35, 51 - 0.188, 0.083 - 167 BDD van Hege et al. (2002) 
- not given 
 
Using the same ROC sample, van Hege et al. (2004b) trialled four anodes (PbO2, SnO2, RuO2 
and BDD) to reduce the concentration of COD and TAN. Their preliminary studies indicated 
that PbO2 and SnO2 anodes were not suitable for this particular ROC due to the scaling caused 
by Ca(OH)2 and Mg(OH)2 on the anode surface, and corrosion of the PbO2 anodes due to a 
drastic rise in the pH in the one-compartment electrolytic cell. The RuO2 and BDD electrodes 
were effective but increase in current density did not influence the removal of COD and TAN 
as they were the same for various current densities (100, 200 and 300 A/m
2
).  
 
The application of BDD electrodes was investigated by Pérez et al. (2010) in a batch study to 
treat ROC produced from a tertiary wastewater treatment plant. They reported an increase in 
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the reduction of COD and TAN with increasing current density, which was complete at a 
current density of 200 A/m
2
 after 5 h.  
 
To avoid precipitation by insoluble species (Ca, K, Mg) at high pH, Bagastyo et al. (2011b) 
used a divided two-compartment electrochemical system in batch scale laboratory 
experiments. They used 0.1 M HCl as catholyte to maintain low pH (2-3) and prevent scaling 
in the cathodic compartment. Among the five types of mixed metal oxide electrodes used, the 
Ti/Pt-IrO2 anode was the most efficient in terms of instantaneous current efficiency (ICECOD) 
of 50% for a Q of 0.55 Ah/L, followed by Ti/SnO2-Sb (36%) and Ti/PbO2 (27%), whereas the 
lowest ICECOD of 18% was reported for Ti/IrO2-Ta2O5 and Ti/RuO2-IrO2. A complete 
removal of colour was achieved for Ti/Pt-IrO2 and Ti/SnO2-Sb anodes at a specific electrical 
charge of 0.55 Ah/L. However, the degradation of organic content by direct oxidation was 
fairly low with 16% DOC removal obtained for Ti/Pt-IrO2 and Ti/SnO2-Sb anodes, and 9 ± 
2% for the other three electrodes (Ti/PbO2, Ti/IrO2-Ta2O5 and Ti/RuO2-IrO2).  
   
The effect of circumneutral (6-7) and acidic pH (1-2) on electrochemical oxidation of ROC 
using BDD anodes was studied by Bagastyo et al. (2012). They reported complete removal of 
COD at a specific electrical charge of 5.2 and 6.6 Ah/L
 
but comparatively low DOC removal 
of 48% and 59% at acidic and circumneutral pH, respectively. The BDD was more effective 
at the high original pH value (8.3) whereas the Ti/IrO2-RuO2 electrode was effective over a 
wide range of pH values due to its strong ability to form active chlorine.  
 
The superior chlorine generation of the BDD electrode is related to its high selectivity 
towards the chlorine evolution reaction (Ferro et al., 2000). Although the generation of active 
chlorine species enables oxidation of the organic component of the ROC, it also leads to the 
formation of significant concentrations of chlorinated organic by-products such as 
trihalomethanes (THMs) and haloacetic acids (HAAs). Furthermore, the BDD electrode is 
generally considered expensive and therefore several other electrodes have been investigated. 
Limited information on the effect of operational parameters is available. The formation of 
hazardous by-products and fouling of the electrodes are major drawbacks of electrochemical 
treatment which need to be addressed to improve the operational performance and reduce the 
cost of the process. 
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2.3.3.6. Capacitive deionization (CDI) 
 
CDI is a low pressure electrochemical process capable of removing dissolved ions from ROC 
with high water recovery (Lee et al., 2009a). A bench-scale study was performed for the 
treatment of ROC by Ng et al. (2008) to increase the water recovery of a wastewater 
reclamation process for NEWater to >90%. They used BAC as a pre-treatment to the CDI 
process and obtained removals of 78%, 91% and 92% of TOC, TN and electrical 
conductivity, respectively, and a water recovery of 90%.  
 
The treatment of BAC pre-treated ROC was also investigated by Tao et al. (2011) in a pilot-
scale study. The concentration of TOC decreased from 31.1 mg/L to <0.1 mg/L. The authors 
reported the effect of various combinations of pre-treatments (BAC+MF, BAC+MF+O3, 
BAC+MF+O3+SBS) on the fouling of the CDI cell. The addition of sodium bisulphite (SBS) 
increased the operation time from 112 to 292 h before cleaning of the CDI cell was needed.  
 
The CDI process is an emerging technology and it appears to be promising for treating ROC. 
Selection of an appropriate pre-treatment method is important with regard to fouling of the 
CDI cell and final water quality. The fouling can be reduced by pre-treatment and reducing 
pH (Lee et al., 2009a), periodically switching the potential of the electrodes (Kerwick et al., 
2005), and by applying a pulsed field to the electrodes (Perez-Roa et al., 2006). Organic 
fouling and calcium phosphate scaling can be reduced by using ozone and SBS (Tao et al., 
2011). Because CDI is a low pressure process it generally has a lower energy requirement 
than its counterparts. For example it requires 3 times less energy than the electrodialysis 
reversal process (AWWA, 1999). The development of new electrode materials and improved 
process control strategies may make CDI a competitive technology for the treatment of ROC.  
 
2.3.3.7. Fenton oxidation 
 
Although the Fenton process alone (Kilick et al., 2013) or in combination with other AOPs 
(Hu et al., 2011) or biological processes (Badawy et al., 2009) has been well studied for the 
treatment of domestic and industrial wastewater, its application to the treatment of ROC is 
limited. Few studies have been conducted to investigate the Fenton process for removing the 
organic content and improving the biodegradability of ROC. Westerhoff et al. (2009) reported 
a DOC reduction of 50% using 10 mM each of Fe
2+
 and H2O2 at pH 3. A comparison of 
O3/UV treatment with the Fenton process (2.4 mM H2O2) was carried out by van Aken et al. 
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(2010). They reported an average COD reduction of 43% which was better than O3/UV 
treatment (19%), whereas the reduction in AOX was fairly similar for both the treatments 
(66-70%). However, the Fenton process was almost four times less efficient for improving the 
biodegradability of the treated ROC.  
 
One of the major drawbacks of the Fenton oxidation is the generation of a considerable 
amount of sludge which has to be further treated and thus increases the cost of the treatment. 
More insights into possible options for managing the sludge such as its recycling and/or reuse 
are needed to make the process economic and competitive with other AOPs. As noted above, 
the optimum pH is generally very low for Fenton process requiring pH adjustment after 
treatment which may incur significant cost.  
 
2.4. Biological processes 
 
Most of the organic content present in ROC is bio-refractory (Zhou et al., 2011a) and 
biological processes are generally considered ineffective for its treatment. The application of 
biological treatment, mainly using BAC either as a pre- or post-treatment, has been reported. 
The removal of organic compounds occurs due to adsorption to the activated carbon and 
biological degradation through extracellular enzymes excreted by the biofilm that forms on 
the activated carbon (Klimenko et al., 2002).  
 
The potential of willow fields for reducing the concentration of nutrients (nitrogen and 
phosphorus) and organic content (TOC and COD) of ROC was investigated by Ghyselbrecht 
et al. (2012). Using a willow test field of 28.33 m
2
 and 500 L/h of ROC, they reported a ~20% 
reduction of TOC and DOC whereas the reduction of TN was 32%.  
 
As noted in Section 2.3.3.6, pre-treatment of ROC in granular activated carbon (GAC) and 
BAC columns has been investigated for the removal of organic content by Ng et al. (2008) 
and Lee et al. (2009a). For an empty bed contact time (EBCT) of 40 min, the reduction of 
TOC (Initial TOC 31.1±3.4 mg/L) was 25.0 ± 5.9% (Ng et al., 2008). They also reported 34% 
colour reduction and 10% TN removal. Almost 90% of the organic content was removed by 
GAC when treating 770 L of ROC, however the normalized TOC of the BAC effluent 
increased sharply by about 5 times during the treatment of this volume due to the exhaustion 
of the GAC adsorption capacity. Therefore, the biological activity of the BAC was not the 
predominant mechanism of organic content removal at the initial stage of the treatment. 
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However, biological removal was considered to be contributing significantly in the later 
stage, after the treatment of 770 L of ROC.  
 
For an EBCT of 60 min, Lee et al. (2009a) reported TOC and COD removals of 23.5 ± 6% 
and 23.7 ± 5.5%, respectively. The BAC effluent was subsequently treated by submerged UF 
membranes which gave an additional 16% TOC removal corresponding to an overall 
efficiency of 39.9 ± 9% for the combined BAC-UF process.  
 
Having already undergone secondary treatment, generally ROC is considered to mainly 
comprise of organics refractory to biological treatment, therefore biological treatment is 
thought to be more effective as a post-treatment to AOPs. However where applicable, ROC 
can be returned to the biological treatment stage although it may impose certain limitations. 
For example, the high concentration of organic compounds and salts may reduce the efficacy 
of biological treatment by inhibiting microbial growth and can increase the energy 
requirements during the subsequent RO stage. The high concentrations can also reduce the 
lifespan of the membrane. One way of dealing with this could be to dilute the ROC to an 
appropriate level with secondary effluent prior to returning to the biotreatment stage. 
However, this may lead to gradual increase in the concentration of salts. Although AOP-
treated ROC can be returned to the secondary biotreatment stage, the issue of salt level may 
restrict this option.  
        
2.5. Other methods of ROC treatment 
 
Very few studies using activated carbon adsorption have been conducted for the treatment of 
ROC (Dialynas et al., 2008). Dialynas et al. (2008) used GAC and reported an initial rapid 
drop in DOC followed by moderate removal due to slow diffusion of the organic matter in the 
GAC pores. Equilibrium was achieved after 4 days with a high removal of DOC (91.3% at 
GAC dosage of 5 g/L). However the treatment time reported (5 days) was too long for its 
application in practice. Zhou et al. (2011a) conducted equilibrium adsorption experiments 
with GAC and powdered activated carbon (PAC). They illustrated that the Freundlich 
isotherm well described the equilibrium adsorption of DOC for both GAC and PAC with 
removals of 88% and 95%, respectively, using a dosage of 5 g/L. However it was noted that 
the remaining organic matter (hydrophilic organic compounds of large molecular weight) was 
not removed, even at dosages higher than 5 g/L.  
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Adsorption by magnetic ion exchange resin (MIEX) resin, a strong base anion exchange resin 
with a macroporous polyacrylic matrix in the chloride form, was developed jointly by 
Commonwealth Scientific Industrial Research Organization, Orica Watercare, and South 
Australian Water Corporation to remove DOC from water (Boyer and Singer, 2006). 
Bagastyo et al. (2011a) used MIEX for two ROC samples of different initial organic 
concentrations. For a similar colour removal efficiency of ~80% after 20 min contact time, a 
high optimum dosage (15 mL/L) of resin was established for one ROC sample with high 
initial DOC (62 ± 5 mg/L) compared with 10 mL/L for the other ROC sample with lower 
initial DOC concentration (42 ± 4 mg/L) (Table 2.5).  
 
Table 2.5. ROC treatment by adsorption 
Material Parameters and removal Reference 
 DOC removal (%) Dosage (g/L)  
MIEX 24, 43 10, 15 mL/L Bagastyo et al. (2011a) 
MIEX 43 10 mL/L Comstock et al. ( 2011a) 
GAC 88 5 Zhou et al., (2011a) 
PAC 95 5 Zhou et al. (2011a) 
GAC 91.3 5 Dialynas et al. (2008) 
 
Comstock et al. (2011a) used a MIEX concentration of 20 mL/L and reported a DOC 
reduction of 51% whereas the reduction of A253.7 was comparatively higher (results not 
given), and the MIEX resin exhibited preferential removal of A253.7-absorbing organic matter 
relative to the DOC.  
 
The treatment techniques discussed in this section have the potential to be used for the 
degradation/removal of the organic content of ROC, but it is difficult to draw a general 
conclusion as little work has been done on them.  
 
2.6. Removal of micropollutants from ROC 
 
Some studies have investigated the removal of micropollutants from ROC, and as seen in 
Table 2.6, most of the studied compounds are those that are generally expected to be in high 
concentration in municipal wastewaters. Benner et al. (2008) investigated the degradation of 
pharmaceuticals during ozonation of ROC generated from the effluent of a WWTP. The 
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reaction rates for ozone and HO
•
 with four beta blockers (acebutolol, atenolol, metoprolol and 
propranolol) were determined. At pH 7, acebutolol, atenolol and metoprolol reacted with 
ozone with an apparent second-order rate constant of about 2×10
3
 M
-1 
s
-1
, whereas for 
propranolol it was 10
5
 M
-1
 s
-1
. An ozone dosage of 5 mg/L resulted in quantitative removal of 
propranolol in 0.8 s due to the high second order rate constant for its reaction with ozone. It 
was further suggested that the naphthalene moiety of propranolol resulted in about two orders 
of magnitude increase in reactivity. An ozone dosage of 10 mg/L oxidised 70% of metoprolol 
in 1.2 s, implying that oxidation of metoprolol required high ozone dosage due to its low 
reaction rate constant. Although bromate was formed, the concentration (35 μg/L) was lower 
than the discharge guideline of 3 mg/L for the aqueous ecosystem (Hutchinson et al., 1997). 
 
Table 2.6. Concentration of micropollutants in ROC 
Compound 
(μg/L) 
Benner et al., 
(2008) 
Westerhoff et al., 
(2009) 
Pérez et al., 
(2010) 
Abdelmelek et al., 
(2011) 
Justo et al., 
(2013) 
Atenolol 2.9 - 1.45, 2.78 2.63 1.02 
Atrazine - 0.002 - - - 
Caffeine - 0.01 0.03, 0.05 0.70 - 
Carbamazepine 3.4 ± 0.2 1.28 - 0.13 1.03 
DEET - 0.87 - 0.76 - 
Diclofenac 1.5 ± 0.1 - - - 0.60 
Gemfibrozil - - 5.92, 9.87 6.98 - 
Ibuprofen 1.33 ± 0.07 - 7.50, 0.021 - - 
Iomeprol 3.9  ± 0.5 - - 0.38 - 
Naproxen 0.98 ± 0.06 0.01 4.16, 9.22 1.41 1.08 
Metoprolol 0.88 ± 0.03 - - 0.47 - 
Bisoprolol 0.94 ± 0.06 - - - - 
Celiprolol 1.8 ± 0.06 - - - - 
Propranolol 1.05 ± 0.02 - - - - 
Timolol 0.018 ± 0.001 - - - - 
Acebutanol 0.76 ± 0.03 - - - - 
- not given 
 
Westerhoff et al. (2009) investigated the removal of 16 pharmaceuticals using a batch mode 
Photo-Cat
®
 system which consists of a reactor, UV lamp (wavelength not given) and ceramic 
ultrafilters which were used to separate TiO2 from water. The ROC was diluted 3-fold with 
nanopure water prior to treatment due to the large volume (20 L) required to operate the 
system. The authors reported that all the compounds were below the detection limit (2 ng/L) 
after treatment.     
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Using BDD electrodes, Pérez et al. (2010) investigated the removal of 10 emerging pollutants 
(PPCPs and EDCs) at concentrations found in ROC. They reported markedly varying initial 
concentrations of the studied compounds (Table 2.6) which was attributed to the different 
sampling periods. Pérez et al. (2010) reported that the removal efficiency of all the emerging 
contaminants was in the range 90-98% after 60 min of electro-oxidation with the exception of 
ibuprofen for which the removal was only 55% after 2 h.  
 
In their study of the removal of spiked trace organic contaminants (28 pharmaceuticals and 
pesticides) from ROC in batch and continuous mode, Radjenovic et al. (2011) reported that 
the removal of persistent pollutants showed marked variations. Twenty compounds 
completely disappeared when a current density of ≥150 A/m2 (Q ≥ 461.5Ah/m3) and 250 
A/m
2
 was applied in continuous and batch mode, respectively. The compounds with high 
affinity towards FAC showed markedly different removals for the same applied charge. For 
example, diclofenac, acetaminophen, sulfadiazine, norfloxacin, ranitidine and lincomycin 
showed ≥88% removal whereas trimethoprim, gemfibrozil, caffeine, diuron and metoprolol 
exhibited <50% removal.  
 
The efficacy of HO
•
 generated during the degradation of PPCPs in ROC was investigated 
through selective generation of HO
•
 under a N2O atmosphere by employing γ-irradiation 
(Abdelmelek et al., 2011). They analysed ROC for 27 PPCPs of which 9 compounds were not 
found and the other 18 were present in concentrations of 0.1-7.9 μg/L. They determined the 
absolute reaction rate constants of four pharmaceuticals (trimethoprim, naproxen, nalidixic 
acid and venlafaxine) with HO
• 
by competition kinetics. The reaction rates were in the range 
of 3-8.9 × 10
9
 M
-1
 S
-1
, which are comparable to those determined for other commonly 
reported compounds such as atenolol (7.05 × 10
9
 M
-1
 S
-1
), caffeine (6.4 × 10
9
 M
-1
 S
-1
), 
carbamazepine (8.80 × 10
9
 M
-1
 S
-1
), DEET (4.95 × 10
9
 M
-1
 S
-1
), metoprolol (8.39 × 10
9
 M
-1
  
S
-1
) and ofloxacin (7.66 × 10
9
 M
-1
 S
-1
) (Huber et al., 2003).  
 
More recently, the removal of 11 pharmaceuticals from ROC generated from a municipal 
WWTP using ozone and the UVC/H2O2 process was investigated (Justo et al., 2013). 
Ozonation was carried out at various ozone dosages, i.e., 0.14-2.78 mg O3/mg TOC. Atenolol 
and carbamazepine were the most resistant to ozonation and showed lower degradation 
(<50%) under low O3 dosage conditions (≤0.41 mg O3/mg TOC). However, all the 
pharmaceuticals investigated were reported to disappear before the initial ozone demand (3.27 
mg O3/mg TOC) was met. Sulfamethoxazole, sulfamethazine and naproxen showed good 
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removals (>70%) even at low concentration of ozone (0.14 mg O3/mg TOC) which was 
attributed to the presence of electron-rich functional groups that are highly reactive with 
molecular ozone (Reungoat et al., 2012). However, some other pharmaceuticals containing 
electron-rich functional groups (diclofenac, carbamazepine) were not effectively removed at 
low ozone dosage, contrary to the results reported by Reungoat et al. (2012) for WWTP 
effluent. Justo et al. (2013) attributed their conflicting results to the different characteristics of 
their ROC and so reactivity of the organic matter.         
     
It is evident from the examples discussed above that not much attention has been paid to the 
characterization and removal of micropollutants in ROC. Only a few studies have 
investigated the removal of micropollutants from ROC and determined their reaction rate 
constants with HO
•
. Considering that these pollutants are at concentrations 3-4-fold higher 
than in the feed water, and that their release into the environment may impose toxicity at any 
level of the biological hierarchy (Klavarioti et al., 2009), they pose greater risk to the 
receiving ecosystem and therefore must be a focus in future studies. The criterion for the 
selection of target compounds appears to be their presence in high concentrations, rather than 
their potential harmful effects, which is partly driven by the difficulty of analysing the trace 
organics in low concentrations. Another important observation is the conflicting results (ROC 
cf. other water/wastewater) obtained for some micropollutants, and more importantly, no 
experimental investigation has been undertaken to elucidate this behaviour.  
  
2.7. AOPs and biodegradability improvement  
 
It is well established that chemical oxidation processes, including AOPs, produce biologically 
degradable DOC (BDOC) or assimilable organic carbon (Volk and LeChevallier, 2002). 
Complete mineralization of the organic compounds of ROC is generally not possible or cost 
effective, and several studies have investigated the use of AOPs with a view to breaking down 
large molecular weight compounds into simpler forms that are more biodegradable and easily 
removed by subsequent biological treatment.  
 
Westerhoff et al. (2009) investigated the increase of biodegradability (as BDOC) during 
UVC/TiO2 treatment. The raw sample had only 2 mg/L biodegradable DOC which increased 
to 12 mg/L after an energy consumption of 2 kWh/m
3
. Further treatment decreased the BDOC 
concentration which was due to the mineralization of the simple organic acids formed during 
the UV-mediated process.  
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Lee et al. (2009a, 2009b) reported an increase in the biodegradability of ROC after ozonation. 
The authors noted that the ratio of BOD5 to TOC increased by 1.8–3.5-fold using 3-10 mg 
O3/L and contact time of 10 to 20 min. Similarly Zhou et al. (2011a) noted an increase in the 
biodegradability of raw ROC by 4-7-fold when treated with O3-based AOPs. An even greater 
improvement (7-20-fold) occurred when the ROC was pre-treated by coagulation prior to 
AOPs. Ozonation (1 L/min, 24 mg/min O3) as post-treatment of electrodialysis-treated ROC 
was also reported to improve the biodegradability (BOD5/A253.7), i.e., from 42.3 to ~109 and 
~116 using 576 mg/L ozone at pH 7.8 and 6.5, respectively (Zhou et al., 2011a).  
 
Using a ROC generated from a municipal secondary effluent, Liu et al. (2012) determined the 
biodegradability after various treatments by using the BDOC method. The original 
biodegradability of the ROC increased from 11% to 22% and 26% after 3 h of UVC (UV 
fluence 13.9×10
5
 mJ/cm
2
) and VUV (UV fluence 19.3×10
5
 mJ/cm
2
) treatment, respectively 
(Liu et al., 2012). The addition of 2 mM H2O2 to the UV system increased both the 
biodegradability and the overall DOC reduction, however further increase in H2O2 dosage to 
4 mM led to decrease in biodegradability without improving the DOC reduction. Fairly 
similar results were obtained using VUV/2 mM H2O2 treatment although the removal of DOC 
was a little higher than for the UVC/2 mM H2O2 process.  
 
The foregoing studies demonstrate the effectiveness of various AOPs for enhancing the 
biodegradability of ROC. Most of the studies discussed above have used the BDOC assay to 
determine the biodegradability. Although the BDOC test is useful in determining the 
biodegradability, it may underestimate the proportion which can be removed  when a 
biological treatment process is utilised, as found by Buchanan et al. (2008) who used BAC to 
treat the effluent from a UV-based AOP drinking water treatment process. Investigation of the 
application of downstream biological treatment at pilot scale is therefore needed to determine 
its potential application at industrial scale. 
 
2.8. Effect of treatment on different molecular size compounds  
 
An understanding of the molecular size distribution of organic compounds in water and 
wastewater is important to determine the potential for the removal of different pollutants by 
different treatment methods (Shon and Vigneswaran, 2006). The MW distribution of DOC in 
untreated ROC was in the ranges of <1 kDa (47%) and 1-10 kDa (37%) (Zhou et al., 2011a). 
According to Lee et al. (2009a), more than 80% of the organics of ROC consisted of 
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compounds with MW <10 kDa. These results are in close agreement with the MW 
distribution of DOC in secondary effluents (Li et al., 2006).  
 
AOPs have been found to effectively treat compounds over a broad range of MW, however 
the removal of low MW compounds is generally low. The large MW compounds react faster 
as they tend to be more aromatic in nature and may have a larger number of reaction sites 
available to react with HO
•
 (Barrett et al., 2000). Liu (2011a) found that the removal of large 
MW compounds was high after UVC/3 mM H2O2 treatment in the first 15 min of reaction but 
later shifted to low MW compounds (≤0.5 kDa). The reduction in the compounds of MW ~1 
kDa was 3% in the first 15 min but increased to 85% after 120 min of irradiation, implying 
the need for long irradiation time for effective breakdown of this fraction.  
 
The difference in the distribution of various size fractions of ROC before and after different 
O3 dosages and contact time was reported by Lee et al. (2009a, 2009b). They observed that 
the organic compounds with large MW were converted to those with MW <1 kDa. It was 
most effective for the breakdown of the compounds with MW 10-100 kDa as shown by their 
reduction (36-72%) after 10 min, and increasing the contact time from 10 to 20 min improved 
the breakdown of this fraction by another 20%.  
 
Coagulation by alum is known to be efficient for removing compounds larger than 10 kDa 
(Shon et al., 2006). Bagastyo et al. (2011a) investigated the coagulation of ROC taken from 
two full scale MF/RO plants. Alum successfully removed large MW chromophoric 
compounds and most of the residual compounds were less than 3 kDa, whereas ferric chloride 
targeted large to medium size compounds such as humics and the remaining organics were 
mainly in the lower MW range (Bagastyo et al., 2011a).  
 
2.9. Formation of DBPs and toxicity of water after treatment  
 
Treated ROC may need to be chlorinated prior to its reuse or discharge to the environment. 
The formation of DBPs after chlorination is one of the major concerns associated with the 
application of AOPs. The formation of total THMs during electrochemical oxidation of ROC 
using two circular electrodes (BDD on silicon anode and stainless steel cathode) was 
investigated by Pérez et al. (2010) who observed increasing THMs with increasing current 
density. At a current density value of 200 A/m
2
 the concentration of THMs formed was ~200 
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μg/L which is well above the limit in European (100 μg/L) and USEPA (80 μg/L) regulations 
for drinking water.  
 
Bagastyo et al. (2011b) reported HAAs formation even at low charge (0.17 Ah/L). The 
formation of HAAs for the different electrode types decreased in the order Ti/SnO2-Sb>Ti/Pt-
IrO2>Ti/RuO2-IrO2≈Ti/PbO2>Ti/IrO2-Ta2O5. The formation of HAAs increased with 
increasing electrolysis time and was between 0.6 and 2.7 mg/L after 22 h for these electrodes. 
The high formation of HAAs for the Ti/Pt-IrO2 and Ti/SnO2-Sb anodes was attributed to the 
enhanced formation of FAC at the surface of the anodes and in the bulk solution by
 
HO
•
 and 
other oxidants (Lei et al., 2007). The formation of THMs increased with increasing specific 
electrical charge and at Q = 0.55 Ah/L the concentration of THMs varied between 82 and 312 
µg/L for the different anodes; the formation of THMs decreased in the order Ti/Pt-
IrO2>Ti/RuO2-IrO2>Ti/SnO2-Sb≈Ti/PbO2>Ti/IrO2-Ta2O5.  
 
Bagastyo et al. (2012) studied the formation of THMs and HAAs at two pH values: acidic 
(pH 1-2) and circumneutral (pH 6-7) at specific electrical charge of 5.2 and 10.9 Ah/L using 
BDD anodes. The concentration of total THMs and HAAs was reported to increase >3- and 
>18-fold for a Q value of 5.2 Ah/L at acidic pH, respectively. An even higher formation of 
total THMs and HAAs was observed at circumneutral pH, i.e., 13- and >24-fold, respectively, 
leading to corresponding concentrations of 13 and 29 μM from initial values of 0.9 and 1.2 
μM. Further increase in specific charge led to degradation of these by-products at both pH 
values. A large decrease in the formation of total THMs and HAAs was reported using the 
Si/BDD anode when the Cl
-
 concentration was lowered from 1320 mg/L (37.2 mM) to 142 
mg/L (4 mM), i.e., from 9.1 μM to 0.2 μM and 62.4 μM to 1.1 μM, respectively.  A similar 
trend was observed for the mixed metal oxide anodes.  
 
Liu et al. (2012) determined the THM formation potential (THMFP) of treated and untreated 
ROC and reported an increase in the THMFP from 1.22 mg/L to 1.51 mg/L after 30 min 
UVC/3 mM H2O2 treatment, however it reduced to the original value (1.22 mg/L) after 75 
min. The application of biological treatment to the treated ROC further reduced the THMFP 
to 0.86 mg/L. Liu et al. (2012) determined the toxicity of raw and UVC/3 mM H2O2 treated 
ROC and found that both raw and ROC treated for 50 and 75 min showed no toxicity as 
measured by the Microtox test.  
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The effect of ozone oxidation on N-nitrosamines in ROC collected from a full-scale RO plant 
was recently investigated by Fujioka et al. (2014). The investigated N-nitrosamines included 
NDMA, N-nitrosomethylethylamine (NMEA), N-nitrosopyrrolidine (NPYR), N-
nitrosodiethylamine (NDEA), N-nitrosopiperidine (NPIP), N-nitrosomorpholine (NMOR), N-
nitrosodipropylamine (NDPA), and N-nitrosodin-butylamine (NDBA). Ozone dosages used 
were 15, 30, and 45 mg/L, which corresponded to ozone contact time of approximately 7.5, 
17, and 27 min, respectively. Transformation of N-nitrosamines at the ozone dosage of 45 
mg/L ranged from 7 to 79% with high molecular weight N-nitrosamines (i.e., NPIP, NMOR, 
NDPA, and NDBA) exhibiting grater reduction than low molecular weight N-nitrosamines 
(i.e., NDMA, NMEA, NPYR, and NDEA). The concentration of low molecular weight N-
nitrosamines increased for ozone dosage of 15–30 mg/L but then decreased with further 
ozone dosage. The authors suggested that the balance between N-nitrosamine formation and 
transformation by ozonation was an important factor determining N-nitrosamine 
concentrations in ozone treated ROC. 
 
The effect on toxicity (as measured by the Microtox test) of ROC treated using various AOPs 
with and without coagulation pre-treatment was investigated by Zhou et al. (2011a) and Justo 
et al. (2013). Zhou et al. (2011a) reported 60% inhibition of Vibrio fischeri (the Microtox test 
organism) using raw ROC whereas some reduction of toxicity was noted after coagulation 
and most of the AOPs without pre-treatment. UVA/TiO2/O3 treatment led to the lowest 
ecotoxicity (25% inhibition) compared with other AOPs such as US and UVA/US/TiO2. The 
ROC pre-treated by coagulation followed by some AOPs (UVA/TiO2, UVC/TiO2, 
US/UVA/TiO2) exhibited substantially lower ecotoxicity, whereas O3-based AOPs exhibited 
higher toxicity with over 40% inhibition. Justo et al. (2013) reported contrasting results with 
no inhibition of Vibrio fischeri for raw, ozonated and UVC/H2O2 treated ROC. Various 
findings for ecotoxicity of ozonation-treated ROC can be found in literature, with some 
studies reporting acute toxicity to aquatic invertebrates and fish (Stalter et al., 2010a,b; Petala 
et al., 2006) and higher plants (Monarca et al., 2000; Stalter et al., 2010a) whereas others 
reported a reduction in the toxicity after treatment with ozone (Cao et al., 2009; Reungoat et 
al., 2010). There is a lack of information on the ozone dosage (g O3) consumed per g of 
organic content degraded (Hollender et al., 2009; Schaar et al., 2010; Stalter et al., 2010a) 
which is crucial for comparing different studies to reach a reliable conclusion in terms of 
DBP formation and ecotoxicity after treatment.  
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Electrochemical oxidation of ROC with a RuO2/IrO2-coated titanium anode was evaluated for 
its baseline toxicity to Vibrio fischeri by Radjenovic et al. (2011). The acute toxicity results 
were reported in toxic equivalent (TEQ) values. The TEQ increased from 4.3 ± 0.1 mg/L to 
151 ± 4.9 mg/L at 250 A/m
2
 in batch mode whereas it reached 209.1 ± 14.4 mg/L in 
continuous mode at the same current density.  
 
Limited studies have been conducted on the ecotoxicity of ROC and more work is required 
using samples with different characteristics, and more comprehensive toxicity evaluation such 
as cytotoxicity, genotoxicity and estrogenicity is needed to study the impact of various 
treatments.  
 
2.10. Comparative energy consumption for ROC treatment processes 
 
A comparison of energy requirements reported for various treatments is given in Table 2.7. 
Dialynas et al. (2008) performed a comparative analysis of energy consumption for 
photocatalysis, electrochemical oxidation (BDD electrodes) and sonolysis of ROC. They 
concluded that photocatalysis was the most efficient with lowest energy consumption (2.6 
kWh/g DOC) followed by electrochemical oxidation (4.6 kWh/g DOC), whereas sonolysis 
was the most expensive (220 kWh/g DOC) based on the first 30 min of reaction time. 
 
 
Table 2.7. Comparison of energy requirements for various AOP treatments 
Process/material Energy (kWh/g)
a
 Reference 
UVC/H2O2 12.5 (DOC) Liu et al. (2012) 
Ti/IrO2-RuO2 0.350, 0.704 (DOC) Radjenovic et al. (2011) 
BDD 0.158 (COD) Zhou et al. (2011c ) 
Ti/IrO2-RuO2 0.048 (COD) Zhou et al. (2011c ) 
BDD 0.059 (COD) Pérez et al. (2010) 
UVC/TiO2 0.24 (DOC) Westerhoff et al. (2009) 
Sonolysis 220 (DOC) Dialynas et al. (2008) 
BDD 4.6 (DOC) Dialynas et al. (2008) 
UV/TiO2 2.6 (DOC) Dialynas et al. (2008) 
BDD 0.078 (COD) van Hege et al. (2002) 
a 
Energy consumed per gram of COD or DOC removed, as per brackets
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Westerhoff et al. (2009) calculated the energy requirement for a representative ROC sample 
for a final target DOC concentration of 10 mg/L; the energy required for UV/TiO2 treatment 
was 9.6 kWh/m
3
 (0.24 kWh/g DOC). They emphasized that the energy requirements could be 
reduced by up to 30% (0.15 kWh/g DOC) to achieve similar DOC reduction if a low UV 
dosage was applied followed by biological treatment with a sand filter.  
 
A comparison of the energy consumption for BDD and DSA (Ti/IrO2-RuO2, Ti/IrO2-Ta2O5) 
anodes showed that the BDD anode had the highest energy requirement (0.158 kWh/g COD) 
while Ti/IrO2-RuO2 had the lowest (0.048 kWh/g COD) at a current density of 83.3 A/m
2
 
(Zhou et al., 2011c ). Energy consumed per g of DOC reduction using Ti/IrO2-RuO2 in batch 
and continuous mode was calculated by Radjenovic et al. (2011) to be 0.350 and 0.704 kWh, 
respectively, at a current density of 250 A/m
2
. Although the batch system had lower energy 
requirements, the low throughput could result in a cost higher than that estimated by the 
authors. Pérez et al. (2010) also calculated the energy consumption of electrochemical 
treatment using BDD electrodes and obtained 0.059 kWh/g COD (initial COD 125 mg/L) at 
applied current density of 50 A/m
2
. In another study, the specific energy consumption per g 
COD (initial COD 218 mg/L) and TAN removal for ROC was 0.078 and 0.428 kWh, 
respectively, using BDD electrode at applied current density of 200 A/m
2
 (van Hege et al., 
2002; van Hege et al., 2004b). Although the initial COD values and current densities were 
different, the energy consumption per g COD was comparable in the studies conducted by 
van Hege et al. and Pérez et al.  
 
The EED for UVC/H2O2 treatment of ROC was estimated to be 7.6 and 12.5 kWh/g DOC
 
at 
10 and 120 min reaction time, respectively (Liu, 2011a). A substantial decrease in EED was 
noted for the UVC/3 mM H2O2 process followed by biological treatment (as BDOC), and the 
energy required for 30 min of reaction (initial DOC 25.7 mg/L) was calculated to be 
approximately 2.4 kWh/g DOC
 
for a DOC reduction of 63%. However, to achieve an 
additional 20% DOC removal (to 83%), the energy consumption for the extended reaction 
period of 120 min was 5.3 kWh/g DOC, representing a significant increase in the overall 
energy requirement. Given that both Westerhoff et al. (2009) and Liu et al. (2012) calculated 
the cost for a similar final DOC residual of 10 mg/L, the UVC/TiO2 process appears to be 
more energy and thus cost-effective, but the difference in initial DOC levels used in these 
studies (40 and 25.7 mg/L, respectively) and the difference in the nature of organic content 
along with the TiO2 handling issue, have to be considered when making direct cost 
comparisons.  
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It is difficult to make a direct energy consumption comparison for the different treatment 
processes due to different initial concentrations and types of organics present, and different 
treatment conditions used. The cost of treatment is a function of target level, characteristics 
and initial concentration of pollutants which vary significantly.  
 
2.11. UV-LEDs and their application in water and wastewater treatment 
 
Although conventional UV lamps continue to be the main source of radiation, alternative UV 
sources are being sought due to the inherent disadvantages of UV arc lamps such as the use of 
mercury, low mechanical stability, large size and low energy efficiency. UV light emitting 
diodes (UV-LEDs), which are a mercury-free source of monochromatic UV radiation, are 
potential alternatives and are regarded as the most promising UV light sources (Malley, 
2010). UV-LEDs are small, compact, robust and durable (Würtele et al., 2011) and offer 
virtually no limitations on the potential geometry of the emission sources (Malley, 2010). 
Furthermore, UV-LEDs are less energy intensive than traditional UV lamps as they convert a 
greater amount of energy into light (high quantum yield) because the light emission occurs 
due to the recombination of electrons and holes (Chen et al., 2007). Like conventional diodes, 
UV-LEDs are comprised of a chip of semi-conducting material impregnated or doped with 
impurities to create a p-n junction capable of emitting light in a narrow wavelength range in 
the form of electroluminescence (Taniyasu et al., 2006). The wavelength of light emitted 
depends on the band gap energy of the type of material used to construct them (Vilhunen et 
al., 2010). Semiconductor crystals of compounds containing aluminium, nitrogen and gallium 
are the main materials used in the construction of UV-LEDs (Taniyasu et al., 2006).   
 
Although low output power and high cost are the major limitations at this stage, continuing 
developments in this technology have been projected to significantly overcome these by 2020 
(Ibrahim, 2012). The trend of development between 2007 and 2012 has followed Haitz’s law 
which forecasts an increase in output per bulb by a factor of 20 and a decrease in cost by a 
factor of 10 per decade (Steele, 2007).  
 
2.12. Future of UV-LED Technology 
 
 
Considering that the current UV-LEDs have low quantum efficiency (up to 8%) and low 
output power (~0.3 mW), ongoing developments are expected to significantly improve these 
parameters which would increase the energy efficiency of the UV-LEDs. UV-LEDs (255 nm) 
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up to 50 mW have recently been developed but are very expensive ($220-250 per unit). The 
improvements in the efficiency of UV-LEDs are projected to follow the visible LED 
trajectories which can operate at 75% efficiency (Bettles et al., 2007; Chatterley and Linden, 
2010) and their efficiency is projected to match that of visible LEDs by 2020 (Ibrahim, 2012). 
These improvements are happening along with an increase in the lifespan of the UV-LEDs. In 
2007, they had a lifetime of 200 h which increased to 10,000 h in 2012 and is projected to 
increase to 100,000 h (11 years) by 2020 (Ibrahim, 2012). Autin et al. (2013) calculated that 
the whole of life cost of UV-LEDs was 150 times greater than the traditional low pressure UV 
system. However, it was projected to reduce to 40% by 2020 provided the UV-LED 
technology follows the projected trends. Although the widespread commercial use of UV-
LEDs is years away, the developments over the last 5 years are promising and the continuing 
improvements in their output power and energy efficiency are expected to make this 
technology a competitive alternative to traditional UV systems. 
 
2.13. Conclusions 
 
Increasing application of RO-based processes in water treatment and wastewater reclamation 
requires sustainable management of the resultant concentrate streams due to the toxic and 
recalcitrant nature of some of the organics in the ROC. Advanced oxidation processes are one 
of the most widely investigated approaches for the treatment of ROC. UVC/H2O2 treatment 
has been shown to be effective in removal and detoxification of the organic compounds. 
Ozonation is a promising process for the oxidation of the organic content of ROC and 
improving its biodegradability as it preferentially oxidises molecules with low oxidation state 
(low C/O ratio) and high degree of unsaturation (low H/C ratio) (These and Reemtsma, 2005). 
The UVA/TiO2 system has been proven efficient in the degradation of organic compounds at 
lab scale, and some critical gaps related to optimizing the band gap energy of the catalyst, the 
separation of the TiO2 from the treated water and its recycling need to be addressed for 
potential large scale applications. Electrochemical oxidation is one of the most commonly 
investigated treatments for ROC but little information on the optimization of current density, 
treatment time, cell design and pH is available. The formation of hazardous by-products, 
particularly halogenated organic compounds, is one of the main concerns associated with 
these oxidative treatments (especially electrochemical oxidation) and there is conflicting 
information available on the toxicity of the treated water, particularly for ozonation.  
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The long term environmental and health implications of ROC management have yet to be 
fully understood, and the presence of emerging pollutants such as EDCs and PPCPs add to the 
complexity of the concentrate matrix. Further research is required on the quantification of 
emerging contaminants in ROC which entails improvements in existing technologies for 
better and easier analyses at low concentrations, i.e., at concentrations comparable to their 
levels found in the environment. More comprehensive evaluation of toxicity of the treated 
ROC should be carried out to understand the environmental risks. Research on the detailed 
kinetics and modelling of AOPs-mediated degradation of the organic compounds, including 
EDCs and other micropollutants and their interactions with the other components of ROC 
such as halide ions, is required to understand the degradation mechanisms, toxicity potential 
and DBPs formation. It is envisaged that effective and economically viable ROC treatment 
can significantly improve the sustainability of the RO-based wastewater treatment and 
reclamation processes. 
  
Coagulation and biological treatment as pre- and post-treatment, respectively, can 
significantly improve the reduction in DOC levels and ecotoxicity. Therefore, AOPs would be 
a reasonable approach to improve the biodegradability of ROC making downstream 
biological treatment feasible since they generate biodegradable organic compounds such as 
organic acids. Adopting this approach would also make energy intensive AOPs more 
economically feasible by reducing the required energy inputs. Limited attention has been paid 
to the impact of coagulation as pre-treatment and biological treatment as post-treatment to the 
UVC/H2O2 process for the removal of organic content and improvement of energy efficiency.  
 
The sequence of coagulation, UVC/H2O2 and biological treatment of high salinity ROC was 
investigated in this study to improve the energy efficiency and to achieve a target residual 
organic content (DOC of 15 mg/L). The use of UV-LEDs, which are mercury-free and more 
energy efficient source of UV radiation than conventional UV lamps, needs to be investigated 
for their potential in real wastewater treatment. No studies have been reported on the potential 
of UVC-LEDs as alternatives to the conventional UVC lamps for the treatment of ROC. 
Hence, the potential of UVC-LEDs was investigated for the degradation of organic content of 
the high salinity ROC. The impact of the treatment(s) on the ecotoxicity and formation of 
disinfection by-products was also investigated.     
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Chapter 3. Materials and Methods 
 
3.1. Characteristics of reverse osmosis concentrate 
The ROC used in this study was collected from a wastewater reclamation facility at a local 
municipal wastewater treatment plant (WWTP), and stored at 4
o
C. In the treatment process at 
the WWTP, raw sewage is pumped to the above ground inlet works where it is screened and 
de-gritted. The inlet works are covered and foul air is extracted for treatment in the biofilter. 
Screened and de-gritted sewage is split and flows by gravity to the three intermittently 
decanted extended aeration (IDEA) bioreactors where it is treated in a cycle of aeration, 
settling, and decant. The IDEA effluent is then treated using a combination of UF and RO. 
Antiscalant and biocide are added prior to the RO process at concentrations of up to 4 mg/L 
to avoid membrane scaling and microbial growth. Acid is added to maintain the pH at 7.  
 
A total of 8 ROC samples were used over the period of two years, i.e., Oct 2011- Nov 2013 
the characteristics of which are given in Table 3.1. Marked variations in the organic and 
inorganic characteristics for the first 4 samples were noted as the plant was in commissioning 
stage during this collection period. Overall the organic characteristics of the samples were 
comparable with those in several studies (Bagastyo et al., 2011a; Bagastyo et al., 2012; 
Westerhoff et al., 2009). However, the inorganic characteristics including chloride, TDS, 
alkalinity and conductivity were markedly higher than the literature values noted in Table 2.1.      
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Table 3.1. Characteristics of ROC samples collected between Oct 2011 and Nov 2013  
Date 
20 
Oct 11 
29 
Nov 11 
03 
Mar 12 
17 
Apr 12 
26 
Jun 12 
16 
Nov 12 
26 
Mar 13 
22 
Nov 13 
Parameter Sample 
 
ROC 1 ROC 2 ROC 3 ROC 4 ROC 5 ROC 6 ROC 7 ROC 8 
DOC (mg/L) 47 53 34 32.5 32-37.5 32 37 37 
COD (mg/L) 230 164 180 155 105 101 105 111 
pH 8.2 8.3 7.7 7.4 8.3 7.42 7.7 7.9 
Colour (Pt.Co units) 147 235 151 137 158 157 156 143 
Chloride (mg/L) 7810 2060 8165 8875 8060 8520 8212 7656 
TDS (mg/L) 16630 5270 17550 17400 16140 16587 17245 16546 
A253.7 (1/cm) 0.67 1.24 0.67 0.6 0.68 0.63 0.65 0.64 
SUVA (L/mg.m) 1.4 2.3 2 1.8 1.8 1.97 1.75 1.8 
Alkalinity (as CaCO3, mg/L) 540 450 420 450 410 710 418 514 
Conductivity (mS/cm) 23 8.3 22.8 27.5 22.3 23 23.5 22.7 
 
3.2. Analytical Methods 
 
3.2.1. Dissolved organic carbon 
 
The DOC concentrations were obtained using a total organic carbon (TOC) analyser (Sievers 
model 5310 C) equipped with an inorganic carbon remover (Sievers 900) for the removal of 
inorganic carbon prior to DOC measurement. The analyser has an accuracy of 0.01 mg/L. For 
each analysis, the sample was analysed in at least quadruplicate. If the variation was >5%, the 
samples were re-analysed, results were averaged and reported. Chloride concentrations over 
0.05% may inhibit the oxidation of organics during DOC analysis resulting in lower readings 
than the actual value (APHA, 2005). Therefore, samples were diluted using MilliQ water 
(Milli-Q Gradient A10 unit Millipore) prior to DOC analysis to reduce the chloride 
concentration to below that limit. The DOC values of some ROC samples were verified by 
using a Shimadzu TOC analyser (TOC-L series) without dilution and the difference was 
found to be less than ≤5%.  
 
3.2.2. Biodegradable DOC (BDOC) 
 
The biodegradability of the organics was evaluated as biodegradable dissolved organic carbon 
(BDOC) using the assay introduced by Joret and Levi (1986) and modified by Volk et al. 
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(1993) in which the ratio of sample to sand was altered. A sample (300 mL) was exposed to 
biologically active sand (100 ±10 g) for 7 days under aerobic conditions (3 L of humidified 
air per hour). Replicate DOC readings (variation was ˂5%) were taken daily and the BDOC 
value was calculated by subtracting the lowest DOC reading obtained over the incubation 
period from the initial DOC reading. pH was adjusted to neutral before BDOC analysis 
during preliminary experiments. An experiment was performed without pH adjustment and no 
significant difference was found and in fact pH was always higher than 7 when treated ROC 
was added to sand. Hence, further BDOC assays were performed without pH adjustment. 
Removal of residual H2O2 to reduce the impact on biological activity prior to the BDOC 
assay was found to be unnecessary. Average values of duplicate readings reported.  
 
The sand was washed with deionised water (Elix10, Millipore) and stored in an aerated 
solution of deionised water (700 mL) spiked with sodium acetate and some ROC sample prior 
to and between experiments. To ensure that the microbes on the sand were active for each 
BDOC experiment, a solution of 10 mg/L sodium acetate (AR, BDH) was used as a positive 
control (Figure 3.1). The acetate control without sand indicated that the loss of DOC was not 
due to volatilisation. 
 
 
 
Figure 3-1. Typical decrease in DOC during acetate control experiment for validating the 
biological activity of the sand (n=2) 
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3.2.3. Optimisation of sand ratios 
 
The sand collected from Big Pats Creek, Warburton, Victoria was used to determine the 
BDOC of ROC. Although the salinity level of ROC 5 (TDS = 16,140 mg/L) was not as high 
as sea water (TDS = 30,000-40,000 mg/L), sand collected from a beach (St. Kilda beach, 
Melbourne, Victoria) was used to investigate whether it would give higher BDOC for this 
saline ROC considering this was acclimatised under high salt conditions. Beach sand (BS) 
was used in various ratios with BPC sand to see if a particular sand ratio gave enhanced 
reductions of DOC. Two experimental runs were carried out and duplicate readings reported. 
The variation between the two readings was ˂5%. The DOC reduction was marginally greater 
for BS compared with BPC sand which can be attributed to the greater ability of the salt 
tolerant microbes in the BS than in the BPC sand to degrade the organics in the high salinity 
ROC. Some difference in the reduction of DOC was observed in the first 4 days with greater 
reduction obtained when a higher proportion of BS was used but this difference became 
insignificant on 5
th
 day of the experiment (Figure 3.2). The difference in the reduction of 
DOC was fairly insignificant after five days for all studied sand ratios and no further 
reduction was observed on day 6 and 7 of the experiment. The BDOC assay was therefore run 
for 5 days using the pure BPC sand.  
 
 
 
Figure 3-2. (a) Comparison of DOC reduction for BPC sand and BS, (b) DOC reduction at 
various BPC to BS ratios after 5 days (n =2) 
 
3.2.4. Colour  
 
Colour was determined by the Platinum-Cobalt Standard Method 8025 using a HACH 
spectrophotometer DR 5000 at 455 nm. For true colour measurement, the samples were pre-
(a) (b) 
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filtered (PVDF 0.45 μm membrane, Millipore) prior to taking the readings. The results were 
reported as mg/L Pt-Co. Average values of duplicate readings are reported. The variations in 
the readings were ˂2%. 
 
3.3.5. Ultraviolet Absorbance  
 
All photometric measurements were carried out using a double beam scanning UV/vis 
spectrophotometer (UV2 Unicam), with a matched pair of 1 cm path length quartz cuvettes. 
Absorbance at 253.7 nm was used as an indication of the aromaticity and the presence of 
conjugated double bonds in the samples. Average values of duplicate readings are reported. 
The variations in the readings were ˂2%. 
 
3.2.6. Specific UV absorbance (SUVA)  
 
Specific UV absorbance (SUVA, presented as L/mg.m) at 253.7 nm was calculated by 
dividing A253.7 by the DOC value.  
 
3.2.7. Chemical Oxygen Demand (COD)  
 
COD measurements were performed using the low range reagents (0-150 mg/L) from HACH 
(Method 8000). Replicate samples of 2.0 mL were added to each reagent vial and digested for 
2 h at 150
o
C in a Merck COD digester. Chloride ion is the most common interferent during 
COD determination as it reacts with silver ion to precipitate silver chloride thus inhibiting the 
catalytic activity of silver (APHA, 2005). The sample was diluted to bring chloride level 
below 2000 mg/L and addition of 0.5 g HgSO4 was made to reduce the interference of 
chloride ions. Duplicate (triplicate in some cases) measurements were conducted for each 
sample and average values were reported. Average values of triplicate readings are reported 
(variation was ±10%). 
 
3.2.8. Alkalinity and chloride determination 
 
The alkalinity of the samples was determined using titration method 2320 B (APHA, 2005). 
Concentrated H2SO4 solution (Ajax, AR, 95 - 98%) was used for preparing the titrant, a 
solution of 0.1 M H2SO4. The titrant was standardised using 0.05 M Na2CO3 solution (Ajax, 
AR, 99.9%). The concentration of the titrant was determined as 0.11 M, the average from 
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triplicate analyses. The volume of 0.1 M H2SO4 consumed to achieve the end-point pH of 4.5 
was recorded to calculate the total alkalinity of the samples as mg/L CaCO3. Concentration of 
chloride was determined by Mohr’s Method. The sample was titrated against 0.1 M silver 
nitrate solution using potassium chromate (0.25 M) as an indicator. The formation of red-
brown precipitates was considered as the end point. The average value of triplicate 
measurements was reported. The variations in the readings were ˂5%. 
 
3.2.9. Liquid Chromatography-Organic Carbon Detection (LC-OCD)  
 
The LC-OCD analyses were conducted at the University of New South Wales (UNSW) using 
the DOC-Labor Model 8, fitted with a Toyopearl TSK HW-50S column. Samples of 1000 μL 
were injected into the column and the mobile phase was phosphate buffer at pH 6.4 (2.5 g/L 
KH2PO4 and 1.5 g/L Na2HPO4.H2O) at a flow rate of 1.1 mL/min. The LC-OCD separates the 
organics to give quantitative values for 5 chromatographic fractions with retention times 
which correspond to molecular size: biopolymers (>20,000 Da), humics (~1000 Da), building 
blocks (300-500 Da), low molecular weight (LMW) acids and humics, and LMW neutrals 
(<350 Da). 
 
3.2.10 Determination of H2O2 
 
3.2.10.1. Determination of the concentration of stock H2O2 solution 
 
The concentration of stock H2O2 solution (Sigma-Aldrich, 50% w/w) was verified using the 
potassium permanganate (KMnO4) titration method (H2O2.com, 2013). KMnO4 (AR, 
Standard Laboratories Pty. Ltd, Melbourne) solution of 0.06 M was standardised with sodium 
oxalate solution (Na2C2O4, Aldrich A.C.S reagent). Then 2 g of 50% H2O2 stock solution was 
diluted to 250 mL with MilliQ water in a volumetric flask. For titration, 25.0 mL of the 
diluted H2O2 was transferred to a beaker containing 250 mL of MilliQ water and 10 mL of 
concentrated H2SO4. The solution was then titrated against the standardised KMnO4 solution 
until the first permanent pink colour appeared in the solution. The required volume of KMnO4 
was recorded to calculate the actual concentration of the stock solution which was determined 
to be 47% (after 3 repetitions). The measurement was done periodically to monitor if the 
H2O2 decomposed over the period of storage. 
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3.2.10.2. Determination of concentration of residual H2O2 by Merckoquant® test strips and its 
removal by Catalase 
 
Residual H2O2 is known to interfere with several analytical measurements including A253.7 
and COD and therefore needs to be removed beforehand. The concentration of residual 
peroxide after experimental treatments was determined using Merckoquant
®
 peroxide test 
strips (Merck) as a quick colorimetric indication over a limited scale (0, 0.5, 2, 5, 10 and 25 
mg/L) as shown in Figure 3.3. The possibility of interference by the organic and inorganic 
content of ROC in the measurement was checked by running a control experiment in which 
Milli-Q water and ROC were spiked with hydrogen peroxide at varying concentrations. No 
interference from the components in the ROC in the measurement of residual hydrogen 
peroxide when using these strips. The results were also comparable with the manufacturer’s 
colour guidelines (Figure 3.3). 
 
 
Figure 3-3. Colorimetric indication of hydrogen peroxide concentration (in ROC) using 
Merckoquant
®
 peroxide test strip 
 
Catalase (from Aspergillus niger, Calbiochem
®
) was used to remove the residual H2O2. The 
catalase is active over pH 2–12, and it had a minimum activity of 4000 units/mg dry weight. 
For the stock preparation, powdered catalase (25 mg) was dissolved in 25 mL of phosphate 
buffer (1.17 g Na2HPO4 and 0.57 g KH2PO4 in 250 mL MilliQ water, pH 7). The prepared 
solution was divided into several portions and kept frozen to maintain the activity of the 
catalase. Prior to use, a portion was thawed and stored at 5
o
C for up to 1 month.  
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For the removal of residual hydrogen peroxide, 10 μL of the catalase solution was added to 
every 25 mL of sample followed by 2 h of shaking at 100 rpm at room temperature (20±2
o
C); 
this amount of catalase accounted for the addition of less than 1 mg/L of COD and 0.05 mg/L 
of DOC. The concentration of residual H2O2 was reduced to less than 0.5 mg/L, checked 
using the test strips, which would have negligible effect on other analyses (Kang et al., 1999).  
 
 
3.2.11. pH and conductivity  
 
A laboratory pH meter (SevenEasy™ pH meter, Mettler Toledo) was used to determine the 
pH of samples by following Standard Method 4500-H
+
 (APHA, 2005). Calibration was done 
periodically using buffer solutions at pH 4.0, 7.0 and 10.0 (Ajax Chemicals). 
 
3.2.12. Total dissolved solids (TDS) 
 
The concentration of TDS was determined using method 2540 C (APHA, 2005). A well-
mixed sample (100 mL) was filtered using a Whatman
®
 glass-microfiber filter (2 µm) with 
applied vacuum. The filter paper was then washed with three successive 10 mL volumes of 
reagent-grade water, allowing complete drainage between washings, and suction was 
continued for about 3 min after filtration was complete. The total filtrate (with washings) was 
transferred to a weighed beaker and evaporated to dryness at 105°C for 24 h followed by 
drying at 180
o
C for 2 h. The residue was then cooled in a desiccator and immediately 
weighed. The concentration of TDS was calculated using the equation below. 
 
          
(   )      
              (  )
 
where: 
 A = weight of dry residue and beaker, mg, and 
B = weight of beaker, mg 
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3.2.13. High Purity Water (MilliQ) 
 
The high purity water used in this study was produced by a Milli-Q Gradient A10 unit 
(Millipore). The water produced had a total organic carbon concentration of less than 5 ppb 
and an electrical conductivity of approximately 0.05 μS/cm.  
 
3.2.14. Coagulation 
 
Coagulation was conducted with a laboratory jar test apparatus (Phipps and Bird, PB-700) 
using 2 L ROC samples. A pre-determined amount of acid (1 M H2SO4) was added prior to 
the addition of metal coagulant to achieve the desired pH to enhance the formation of 
positively charged polynuclear hydrolysis species (Randtke, 1988; Bratby, 2006). After 
adding the coagulant, the samples were rapidly mixed for 2 min at 250 rpm followed by slow 
mixing for 30 min at 30 rpm and subsequent settling for 2 h before taking supernatant for 
analyses. Alum stock solution was prepared using alum (Al2(SO4)3.18H2O) from Chem-
Supply Pty Ltd, Australia, aluminium chlorohydrate (ACH) using ACH from Omega 
Chemicals, Australia, and the ferric stock solutions were prepared using ferric sulphate 
(Fe2(SO4)3) and ferric chloride (FeCl3.6H2O) from Chem-Supply Pty Ltd, Australia. 
 
3.2.16. Fluorescent Excitation Emission Matrix Spectra 
 
A PerkinElmer LS 55 spectrofluorometer was employed to obtain the EEM spectra of the 
samples. The EEM spectra allow differentiation of fluorescent humic acid-like and fulvic 
acid-like materials, proteinaceous materials, and SMPs based on excitation and emission 
wavelengths. The band width for both excitation and emission was set at 5 nm. The excitation 
and emission slits were maintained at 7 nm and the scanning speed was set at 1200 nm/min. 
The data obtained were processed with the FL WinLab package software (Version 4.00.03) to 
generate the 3D EEMs and to export the data for fluorescence regional integration (FRI).   
 
3.2.17. UV reactor 
 
The annular UV reactor (Figure 3.4) used in this study was designed and constructed by 
Thomson (2002). The full design specifications of the reactor can be found in Thomson 
(2002). 
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 Figure 3-4. Schematic diagram of the UV experimental rig 
 
The reactor was fitted with a centrally mounted lamp (Figure 3.4) placed within a quartz glass 
tube. Samples were placed between the quartz glass tube and the UV-inert steel. The reactor 
had a working volume of 900 mL and an average irradiated area of 464 cm
2
, with a path 
length of 1.94 cm. The low-pressure UVC lamp (39 W) was purchased from Australian Ultra 
Violet Services (Victoria, Australia). The UVC lamp emitted monochromatic light at 253.7 
nm. Approximately 50% of the total energy input is converted to radiation at 253.7 nm, 2% to 
visible light while 48% is transformed into heat (Technical data sheet, Australian Ultra Violet 
Services). The samples inside the reactor were aerated and mixed by humidified air that was 
introduced into the reactor via a Teflon air diffuser. Cooling water from a 20 L cooling water 
reservoir and a chiller (Aqua-Medic, Titan 1500) was circulated through the reactor jacket to 
keep the temperature constant (20±2
o
C).  
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3.2.18. UVC-LED reactor 
 
UVC-LEDs were purchased from Sensor Electronic Technology (Columbia, South Carolina, 
USA). According to the manufacturer, the guaranteed minimum wavelength was 255 nm with 
260 nm being the typical peak. Each LED had an emission power of approximately 0.33 mW 
at 20 mA. The LEDs were soldered to a plate and connected in two series, each containing 5 
units. The distance between each LED unit was 17 mm and between the sample surface and 
LEDs was 7 mm, based on the findings of Autin et al. (2013).  A DC power supply (INSTEK 
GPR-6030 D, 0-60 V, 0-3 A) was utilised. A schematic representation of the experimental set 
up is shown in Figure 3.5. Tests were performed in batch mode using 50 mL of ROC sample 
placed in a rectangular Perspex vessel which was continuously stirred using a magnetic 
stirrer; the liquid depth was 7 mm. The average fluence rate of the system was 0.14 mW/cm
2
, 
as determined by uridine actinometry (Jin et al., 2006). As the treatment time was extended, 
some evaporation of the sample was observed, consequently the results were adjusted by 
taking into account the difference in volume after various irradiation times. All experiments 
were performed at room temperature (22 
o
C). Temperature was regularly monitored and no 
significant increase (2-3 
o
C) in the temperature of ROC was noted during operation.  All 
experiments were performed in duplicate, and in some cases in triplicate when the difference 
was more than 5%. Average values of duplicate or triplicate runs are reported.    
 
 
 
 
Figure 3-5. Schematic representation of the prototype UVC-LED reactor set-up 
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3.2.19. UVC reactor lamp fluence rate determination by H2O2 actinometry 
 
The UVC lamp fluence rate was determined by hydrogen peroxide actinometry (Beltrán et al., 
1995). The rate of photolysis of hydrogen peroxide ([H2O2]o > 20 mM) follows zero order 
kinetics with regard to the quantum yield and intensity. Hence, the total absorbed photon flow 
rate by unit volume, Io, can be determined directly from the rate of loss of H2O2 by UVC 
irradiation given by the slope of H2O2 degradation (Figure 3.6). It was observed that aeration 
of hydrogen peroxide inside the reactor without UV irradiation had no significant effect on 
the concentration. The total absorbed photon flow rate by unit volume, Io, was determined to 
be 8.78 x 10
-6
 einstein/s. 
The fluence rate was then calculated using Planck’s law of radiation: 
 
   
    
 
      Equation 3.1 
 
Where U is the radiant energy of one einstein (J/einstein), h is Planck’s constant (6.626x10-34 
J.s), c is speed of light (2.997 x 10
8
 m/s), NA is Avogadro’s number (6.022 x 10
23
 mol) and λ 
is the wavelength used (253.7 nm). 
 
 
 
Figure 3-6. Determination of the intensity, Io, of the UVC lamp by hydrogen peroxide 
actinometry, following aeration for 30 minutes 
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The fluence rate (mW/cm
2
) was defined as the total energy of all wavelengths passing from 
all directions through an infinitesimally small sphere of cross sectional area dA (U multiplied 
by the total absorbed photon flow rate by unit volume), divided by dA (average surface area 
in the reactor, 463.8 cm
2
) (Equation 3.2). 
 
             
   
  
     Equation 3.2 
 
Thus the resulting average fluence rate for the UV lamp was 8.91 mW/cm
2
. The delivered UV 
dose was determined by multiplying the fluence rate by the exposure time in seconds. 
 
3.2.20. UVC-LED reactor fluence rate determination by uridine actinometry 
 
The UVC-LEDs fluence rate was determined by uridine actinometry (Jin et al., 2006). A 
uridine (Sigma Aldrich, Australia) solution of 1 mM in phosphate buffer was used as 
actinometer. The total absorbed photon flow rate by unit volume, Io, was determined to be 
8.68 x 10
-9
 einstein/s (Figure 3.7) and the fluence rate for the UVC-LED prototype system 
was 0.14 mW/cm
2
. 
 
 
Figure 3-7. Determination of the absorbed photon flow rate by unit volume, Io, of the UVC-
LEDs by uridine actinometry 
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3.2.21. BAC treatment and reactor set-up 
 
Two BAC columns were operated as continuous down flow reactors. The columns were 
operated at 60 min EBCT. The columns were packed with thoroughly pre-washed GAC 
(Acticarb BAC - GS1300 obtained from Activated Carbon Technologies, Victoria) to bed 
height of 17 cm. The GAC had a BET surface area of 1200 m
2
/g and is manufactured for 
maximum biological activity and is normally used for BAC work. A peristaltic pump was 
used to feed the sample to the columns. The BAC bed was operated under fully submerged 
conditions and backwashed every two weeks to avoid physical clogging. The sample was fed 
drop wise and some space was kept on top of the column to allow contact with oxygen. DO 
concentration of ROC was always more than 8 mg/L, sufficient to ensure microbial activity. 
The columns were equilibrated for 80 days to achieve a consistent DOC, colour and A253.7 
reduction before use. The treated ROC was tested both with (pH 7-8) and without (pH 5.5) 
pH adjustment after the UVC/H2O2 treatment. The difference in the reduction of DOC, colour 
and A253.7 was insignificant and therefore no pH adjustment was made before BAC treatment. 
Similar to the BDOC assay, as mentioned in section 3.2.2, H2O2 was not removed prior to the 
BAC treatment as it did not affect the biological activity.       
 
3.2.22. Ecotoxicity 
 
Microtox analysis was conducted by ALS Laboratory Group (Scoresby, Victoria). The 
Microtox
®
 test, which employs the luminescent marine bacterium Vibrio fischeri, was 
conducted according to the protocol provided with the Microtox 500 Analyzer. During the 
test any inhibition of cellular activity due to toxicity resulted in a decrease in the rate of 
bacterial respiration, corresponding to a decrease in luminescence. A difference in 
luminescence (between the sample and the control) is attributed to the effect of the sample on 
the Vibrio fischeri. 
 
3.2.23. Disinfection by-products 
 
The analyses for a range of disinfection by-products were undertaken at Australia Water 
Quality Centre, Adelaide. THM and THMFP were analysed by headspace gas 
chromatography with an electron capture detector (GC-ECD) as described by Buchanan et al. 
(2006). Haloaldehydes, haloacetonitriles, haloketones and halopicrins were measured by 
USEPA Method 551 using GC-ECD. NDMA was analysed using GC-mass spectrometry 
(MS)/MS. 
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Chapter 4. Assessing the potential of a UV-based AOP in treating high-
salinity municipal wastewater reverse osmosis concentrate 
  
The potential of the UVC/H2O2 process to degrade organic matter using UVC lamp reactor 
was studied at lab scale for the treatment of one moderate (conductivity ~8 mS/cm) and two 
high salinity (~23 mS/cm) municipal wastewater reverse osmosis concentrate samples with 
varying organic and inorganic characteristics. The process efficiency was characterized in 
terms of reduction of dissolved organic carbon (DOC), chemical oxygen demand (COD), 
colour and absorbance at 253.7 nm (A253.7), and the improvement of biodegradability.  
 
4.1. Characteristics of samples 
 
The characteristics of the three ROC samples are given in Table 4.1. Although ROC 1 was 
not significantly different from ROC 2 in terms of DOC, the samples were markedly different 
in terms of inorganic content. The concentrations of inorganics (as indicated by the TDS, 
chloride and electrical conductivity) of ROC 1 were fairly similar to ROC 3, however, the 
samples were very different in terms of organic content (DOC and COD) and specific 
ultraviolet absorbance (SUVA) values. The colour and A253.7 of the samples were not 
proportional to their DOC and COD concentrations meaning that the nature of the organic 
matter was different for the three ROCs, implying significant difference in the composition of 
influent (secondary effluent) to the RO process.  
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Table 4.1. Characteristics of ROC samples 
Parameter Sample 
 
ROC 
1 
ROC 
2 
ROC 
3 
DOC (mg/L) 47 53 34 
COD (mg/L) 230 164 180 
pH 8.2 8.3 7.7 
Colour (Pt.Co. units) 147 235 151 
Chloride (mg/L) 7810 2060 8165 
TDS (mg/L) 16630 5270 17550 
A253.7 (1/cm) 0.67 1.24 0.67 
SUVA (L/mg.m) 1.4 2.3 2 
Alkalinity (as CaCO3, mg/L) 540 450 420 
Conductivity (mS/cm) 23 8.3 22.8 
 
 
4.2. Optimization of H2O2 dose  
The determination of the optimum dose of H2O2 was carried out using a range of H2O2 doses, 
i.e., 1-6 mM, with ROC 1. Optimisation was carried out taking DOC, colour, A253.7 reduction 
and increase in UV transmittance (UVT) into account. The reduction of DOC was greater for 
higher dosages although the difference was marginal for 3, 4 and 6 mM (Figure 4.1). The 
reduction of colour was greater for higher dosages, however the reduction after UV fluence of 
32×10
3
 mJ/cm
2
 was comparable for 3, 4 and 6 mM. Although the rates of reduction were 
greater for higher concentrations of H2O2, the extent of reduction was comparable after UV 
fluence of 32×10
3
 mJ/cm
2
. A similar trend was observed for A253.7 reduction and 
improvement of UV transmittance. As reducing the H2O2 may lead to less generation of HO
• 
and so less oxidation and biodegradability, 3 mM H2O2 was considered best and used in all 
subsequent experiments. A similar H2O2 dose was termed best by Liu et al. (2012) during 
UVC/H2O2 treatment of ROC.   
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Figure 4-1. Impact of H2O2 dose on (a) DOC, (b) colour, (c) A253.7 and (d) UVT 
 
4.3. Comparison of impact of treatment on the three ROCs  
 
4.3.1. Impact of treatment on DOC, COD, colour and A253.7 
 
Increased reduction of DOC occurred with increasing UV fluence, and the proportional 
increase was comparable for all samples with ROC 1 showing the maximum reduction (Fig. 
4.2a). As ROC 1 had higher alkalinity than the other two samples, the higher reduction 
obtained for ROC 1 is contrary to the usual situation where higher alkalinity causes hydroxyl 
radical scavenging by carbonate and bicarbonate species (Liao et al., 2001). An additional 
experiment was performed by increasing the alkalinity of ROC 3 to 1080 mg/L by adding 
sodium bicarbonate to investigate the effect of alkalinity on treatment efficiency. The addition 
of sodium bicarbonate did not significantly increase the pH of the ROC. The results 
(Appendix 1) revealed that the higher alkalinity had marginal effect (˂8%) on the reduction of 
DOC, COD, colour, A253.7. This may be explained by the interplay of factors such as 
bicarbonate ions, chloride ions and pH affecting hydroxyl radical scavenging in the 
(a) (b) 
(c) (d) 
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UVC/H2O2 process. For example, the rate of tetrachloroethylene (PCE) oxidation was 
reported to be barely affected by the addition of chloride under alkaline conditions of pH 8.4-
8.5 (Glaze and Kang, 1989) as the higher pH can counteract the effect of high chloride 
concentration on the scavenging of hydroxyl radicals (Liao et al., 2001). Therefore, the 
efficiency of the process was little affected by the alkalinity and chloride concentrations 
under the test conditions.   
 
 
 
 
 
Figure 4-2. DOC (a), COD (b), colour (c) and A253.7 (d) of ROCs 1-3 at various irradiation 
times 
 
The overall trend for DOC reduction was fairly similar to that for COD reduction (Figure 
4.2b) and consistent with the results obtained by Liu et al. (2012) in a study of UVC/H2O2 
treatment of a lower salinity (4.45-11.2 mS/cm) municipal ROC. However, COD reduction in 
this study was lower for all samples (37, 25 and 34%) compared with that for Liu et al. (2012) 
(46%), which was attributed at least in part to the differences in the organic components of 
the samples. The differences in treatment performance may also be associated with the fact 
that Liu et al. (2012) prepared ROC samples using a lab RO rig without any chemical dosing, 
whereas the ROC samples used in this study were collected from a WWTP where some pre-
treatment chemicals such as antiscalant and biocide were added to the feed to the RO process. 
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More than 80% reduction of colour and 75-80% reduction of A253.7 was observed after 60 min 
irradiation for all samples (Figures 4.2c and 4.2d). The corresponding reductions in 
fluorescence (data shown in Figure 4.3) indicated that these were mainly due to the loss of 
humic acid-like and fulvic acid-like compounds. The proportional changes in terms of colour 
and A253.7 reduction were fairly similar for all three ROC samples even though they differed 
markedly in organic (for ROC 3) and inorganic content (Table 4.2). Although the final 
reduction efficiency was reasonably comparable, the rate of colour and A253.7 reduction was 
different, particularly for ROC 2, where the reduction of colour was slower due to the 
different types of organics present as mentioned earlier, and possibly due to higher colour 
which can affect the generation of hydroxyl radicals due to the inner filter effect.  
 
Greater than 70% reduction in SUVA was obtained for all ROC samples for UV fluence of 
32×10
3
 mJ/cm
2
 (Table 4.2), indicating reduction in aromaticity of the organics and thus 
disinfection by-product formation potential of the treated water (Metz et al., 2011). 
 
 
Table 4.2. SUVA values at various treatment times 
Sample UV fluence (×10
3
 mJ/cm
2
) 
 0 5 11 16 32 
ROC 1 1.4 1 0.8 0.6 0.4 
ROC 2 2.3 1.9 1.6 1.1 0.6 
ROC 3 2 1.4 1.1 0.9 0.1 
 
 
4.4. Impact on fluorescence 
Fluorescence EEM spectra can provide a “fingerprint” of the types of organics in water and 
wastewater, and can be divided into five regions (Chen W et al., 2003). Regions I and II 
belong to aromatic proteins (AP I and AP II), region III consists mainly of fulvic acid-like 
material (FA-like), region IV relates to soluble microbial products (SMPs) which comprise 
mainly polysaccharides and protein-like material, and region V is associated with humic acid-
like (HA-like) materials. The EEM spectrum of the untreated ROC 2 (Figure 4.3a) shows 
humic matter as two large peaks in region V (humic acid-like matter) and region III (fulvic 
acid-like matter); ROC 1 and 3 exhibited similar patterns. A gradual decrease in the intensity 
of all peaks was observed with increasing irradiation time for all samples (Figures 4.3b and 
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4.3c), indicating the loss of aromatic structures (Uyguner et al. 2005). The humic acid-like 
peak disappeared faster than the fulvic acid-like peak for all ROC samples. 
  
 
 
 
 
Figure 4-3. Excitation-emission spectra of raw (a) ROC 2 (b) after UV fluence of 5×10
3
 
mJ/cm
2
 and (c) UV fluence of 32×10
3
 mJ/cm
2
 and (d) comparison of EEM volumes of ROC 2 
before and after AOP treatment  
 
The changes in fluorescence were quantitatively analysed using the fluorescence regional 
integration (FRI) technique which integrates the volumes under the EEM regions (Chen W et 
al., 2003). A comparison of EEM volumes for ROC 2 before and after treatment is given in 
Figure 4.3d. A gradual decrease for humic acid-like and fulvic acid-like matter and SMPs was 
observed for all the ROC samples. For UV fluence of 32×10
3
 mJ/cm
2
, for ROC 2, the 
reduction in humic acid-like and fulvic acid-like matter was lower (73% and 66%) than for 
ROC 1 (82 and 78%) and ROC 3 (80 and 76%).  
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4.5. Change of biodegradability 
 
AOPs can be used to enhance the biotreatability of wastewaters containing various organic 
compounds that are non-biodegradable and/or toxic to microorganisms (Buchanan et al., 
2004). In this type of application, the main role of AOPs is partial mineralization of the 
biologically persistent compounds to produce biodegradable reaction intermediates which can 
then be removed by biological treatment (Goslan et al., 2006). Hence, integration of AOPs 
with downstream biological treatment can reduce irradiation time and thus energy 
consumption and chemical use, while improving cost effectiveness and overall treatment 
efficiency.  
 
A considerable improvement in DOC reduction was observed when the UVC/H2O2 treated 
samples were subjected to the biological treatment in the BDOC assay (Figure 4.4a). For 
ROC 1, DOC removal was 36% and 53% for UV fluence of 32×10
3
 mJ/cm
2
 and 
UVC/H2O2+BDOC treatment, respectively. The DOC removal after UVC/H2O2 and 
UVC/H2O2+BDOC treatment (UV fluence of 32×10
3
 mJ/cm
2
)  was fairly comparable for 
ROC 2 (25% and 49%), and ROC 3 (25% and 44%). 
 
 
 
Figure 4-4. DOC removal of (a) ROC 2 after UVC/3 mM H2O2 alone and in combination 
with biological treatment and (b) LC-OCD chromatograms of ROC 2 before and after 
UVC/H2O2 treatment after UV fluence of 32×10
3
 mJ/cm
2 
 
ROC 2 exemplifies the progressive changes in BDOC during the treatment (Figure 4.4a). The 
BDOC was reduced for UV fluence of 5×10
3
 mJ/cm
2 
and then increased with increasing UV 
fluence. Initial reduction of BDOC can be attributed to mineralization of some of the 
biodegradable fraction of the organic matter and insufficient breakdown of the large 
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molecular weight organics to counterbalance the loss. ROC 2 showed almost 2-fold 
improvement in biodegradability for UV fluence of 32×10
3
 mJ/cm
2
 (13% to 25%). 
 
The changes in the molecular size of the organic components of ROC were investigated using 
LC-OCD which separates DOC into five different chromatographic fractions: biopolymers 
(≥20,000 Da), high MW humic substances (1000-20,000 Da), building blocks (300-500 Da), 
low MW (LMW) acids and humic substances (<350 Da) and LMW neutrals (<350 Da) 
(Huber and Frimmel, 1996). LC-OCD results confirmed that the significant decrease in the 
concentration of humics for UV fluence of 32×10
3
 mJ/cm
2 
was accompanied by an increase in 
the formation of lower molecular weight acids and neutrals (Figure 4.4b). Hence, the large 
recalcitrant molecules were broken down (partially oxidized) into low molecular weight 
molecules that would be more amenable to removal by downstream biological treatment. 
 
4.6. Conclusions 
 
This study demonstrated the potential and robustness of the UVC/H2O2 process for treating 
ROC of markedly varying organic and inorganic content and high salinity. The best dose of 
H2O2 was determined to be 3 mM taking into account the extent of degradation of organic 
matter for UV fluence of 32×10
3
 mJ/cm
2
. The process showed moderate reduction of DOC 
and COD for all three samples and the effects of salinity and alkalinity were observed to be 
insignificant under the test conditions. The process was highly effective for reducing colour 
and UV absorbance, and their reduction was attributed to the breakdown of humic and fulvic 
acid-like compounds. The biodegradability of the UVC/H2O2 treated ROC samples was 
improved markedly due to the partial oxidation of the organic matter, indicating the feasibility 
of using a biological process as a subsequent treatment. Therefore, integrating biological 
treatment with the UVC/H2O2 process needs to be considered for achieving better overall 
organics reduction while also making the process more energy efficient. The UVC/H2O2 
process could be enhanced using coagulation as pre-treatment to enable improvement of the 
energy efficiency. The next chapter investigates the impact of coagulation on the efficiency of 
UVC/H2O2 process for achieving a target residual DOC.    
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Chapter 5. Effect of coagulation on treatment of municipal wastewater 
reverse osmosis concentrate by UVC/H2O2 
 
The effect of coagulation using alum prior to the UVC/H2O2 treatment of two high salinity 
ROC samples was investigated with a view to reducing the organic content and so irradiation 
time. Although ferric-based coagulants are generally used for wastewaters, alum was chosen 
due to its wide use in water treatment, less impact on pH and lower cost than ferric-based 
coagulants. The most appropriate coagulant dosage (as Al
3+
) and pH was established to 
enable comparison of the efficiency of the UVC/H2O2 process with and without pre-
treatment. Two high salinity ROC samples (ROC 4 and 5) of comparable organic and 
inorganic content were subjected to alum coagulation and UVC/H2O2 treatment with a goal of 
achieving a target DOC residual of 15 mg/L. A preliminary estimate of the energy 
requirements was made to find appropriate conditions in terms of process efficiency and cost 
effectiveness.   
  
5.1. Collection and characterization of ROC 
Characteristics of samples used for this work are given in Table 5.1.  
 
Table 5.1. Characteristics of ROC samples 
Parameter ROC 4 ROC 5 
DOC (mg/L) 32.5 37.5 
COD (mg/L) 155 105 
pH 7.4 8.3 
Colour (Pt.Co. units) 137 158 
Chloride (mg/L) 8875 8060 
TDS (mg/L) 17,400 16,140 
A253.7 (1/cm) 0.6 0.68 
SUVA (L/mg.m) 1.9 2 
Alkalinity (as CaCO3, mg/L) 450 410 
Conductivity (mS/cm) 27.5 22.3 
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5.2. Effect of pH and dosage on coagulation  
Alum is generally considered an effective coagulant at pH 5-6 (Edzwald, 1993) and the effect 
of these values on ROC 4 and 5 was investigated using 1.5 mM Al
3+
 to confirm the best pH. 
An experiment without pH adjustment was carried out for comparison. Coagulation efficiency 
was significantly greater at pH 5 than at pH 6 and without pH adjustment (Table 5.2) for both 
samples and therefore pH 5 was chosen for further investigation.  
 
Table 5.2. Effect of pH on coagulation (1.5 mM Al
3+
) of ROC 4 and ROC 5 
 % reduction 
  ROC 4 ROC 5 
 Parameter pH 5 pH 6 pH 6.3 pH 5 pH 6 pH 7.3 
DOC  16 10 9 29 17 16 
COD  17 11 12 29 16 17 
Colour  40 31 25 47 25 23 
A253.7 22 16 12 34 18 16 
 
 
A range of concentrations (1-6 mM as Al
3+
) was then tested for ROC 4 to find the best dosage 
at pH 5. The reduction of DOC increased with increasing coagulant dosage up to 3 mM 
(22%) whereas COD reduction remained fairly similar above 1 mM (Figure 5.1a). The 
reduction of colour and A253.7 increased with increasing coagulant dosage up to 3 mM (Figure 
5.1b). Colour reduction increased from 45% to 67% when the Al
3+
 dosage was increased from 
1.5 to 3 mM. The reduction of A253.7 was 22% for 1.5 mM
 
and it almost doubled (43%) with 
doubling the dosage to 3 mM. Due to the significant increase in the reduction of colour and 
A253.7 on increasing the Al
3+ 
dosage from 1.5 to 3 mM, both dosages were selected for 
subsequent UVC/3 mM H2O2 treatment of ROC 4.   
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Figure 5-1. Normalized concentration of (a) DOC and COD, (b) colour and A253.7 of ROC 4; 
and (c) DOC and COD, (d) colour and A253.7 of ROC 5 after coagulation by alum at pH 5 
 
Based on the results for ROC 4, 0.5-3 mM Al
3+
 was selected to find the best dosage for ROC 
5 at pH 5. Increasing reduction of DOC and COD occurred with increasing coagulant dosage, 
however, the increment in the reduction was lower after 1.5 mM (Figure 5.1c). Similarly the 
increment in the reduction of colour and A253.7 was lower after 1.5 mM, i.e., only 10-12% 
additional reduction occurred when the dosage was increased to 3 mM (Figure 5.1d). UVC/3 
mM H2O2 treatment was therefore carried out on ROC 5 after 1.5 mM Al
3+ 
pre-treatment.   
 
5.3. Optimization of pH for UVC/H2O2 treatment  
 
As the coagulated sample was at pH 5, treatment of this sample by the UVC/H2O2 process 
was carried out at the same pH. It provided an opportunity to investigate the effect of pH on 
the UVC/H2O2 treatment. Therefore, before UVC/H2O2 treatment of the coagulated sample 
was undertaken, the impact of pH on the UVC/H2O2 process was investigated. Three pH 
values were selected for this purpose, i.e., original pH (8.3), pH obtained after addition of 
coagulant (pH 7.3) and pH 5.  
(d) 
 
 (c) 
 (c) 
(c) 
(a) 
 
 (c) 
 (c) 
(b) 
 
 (c) 
 (c) 
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The reduction of DOC after UVC/H2O2 only treatment was better at low pH (Figure 5.2a). 
DOC reduction of 13% and 17% was obtained at pH 8.3 and 7.3, respectively, which was 
lower compared with the DOC reduction obtained at pH 5 (26%). Similarly, the reduction of 
colour and A253.7 was greater at pH 5 (Figure 5.2b,c). Enhanced reduction at low pH is due to 
reduced concentration of HCO3
-
 and CO3
2-
 which scavenges hydroxyl radicals as shown in 
Eqs. 2.9 and 2.10. Increasing reduction of organic content by reducing the pH is in agreement 
with other studies (Liu et al., 2012; Zhou et al., 2010a).  pH 6 was not selected considering 
the trend of the reduction of DOC, colour and A253.7. Furthermore, pH 5 was preferred to 
avoid any pH adjustments prior to UVC/H2O2 treatment of the coagulated sample, however 
pH adjustment may be required after the UVC/H2O2 treatment. 
 
 
 
 
Figure 5-2. Impact of pH on UVC/H2O2 treatment of ROC 4 
 
5.4. UVC/H2O2 treatment with and without coagulation 
 
UVC/H2O2 only treatment of ROC 4 gave a DOC reduction of 25% at pH 5 for UV fluence of 
32×10
3
 mJ/cm
2
 (Figure 5.3a). Data were normalized to the original values of the raw sample. 
Although greater DOC reduction was obtained for 3 mM Al
3+ 
than 1.5 mM Al
3+
, it was 
(a) 
 
 (c) 
 (c) 
(b) 
 
 (c) 
 (c) 
(c) 
 
 (c) 
 (c) 
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comparable for both dosages for UV fluence of 32×10
3
 mJ/cm
2
, i.e., 36% and 38%, 
respectively (Figure 5.3a). The reduction of DOC for UV fluence of 11×10
3
 mJ/cm
2
 
irradiation of the pre-treated samples was greater than for UV fluence of 32×10
3
 mJ/cm
2
 
without pre-treatment, showing the contribution of coagulation in removing a portion of the 
organic matter. The reduction of DOC by UVC/H2O2 treatment for UV fluence of 5×10
3
 
mJ/cm
2
 (Figure 5.3a) was greater for the raw sample (10%) than for the 1.5 mM (4%) and 3 
mM Al
3+ 
(2%) pre-treated samples. The difference in the reduction of DOC for 1.5 and 3 mM 
Al
3+ 
pre-treated sample was greatest (6%) for UV fluence of 16×10
3
 mJ/cm
2
 but reduced to 
3% for UV fluence of 32×10
3
 mJ/cm
2
, indicating little benefit of the higher coagulant dosage. 
 
The trend for the reduction of COD was different, with a large reduction during the first 10 
min (UV fluence of 5×10
3
 mJ/cm
2
) for the raw and pre-treated samples which was attributed 
to the greater removal of UV-labile and readily oxidisable COD. Little difference in the 
reduction was observed for 1.5 and 3 mM Al
3+
 pre-treated samples at all irradiation times 
(Figure 5.3b), which was consistent with the DOC results. 
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Figure 5-3. Normalized concentration of (a) DOC (b) COD (c) colour and (d) A253.7 of ROC 
4 after UVC/H2O2 treatment with and without pre-treatment with alum (all samples at pH 5) 
The trend for colour and A253.7 reduction was markedly different for the raw and pre-treated 
samples (Figure 5.3c,d). Compared with steady decrease of colour and A253.7 with increasing 
UV fluence during UVC/H2O2 only treatment, slower initial reductions followed by 
significantly larger reductions occurred for the pre-treated samples. The colour was 
unchanged during first 10 min irradiation (UV fluence of 5×10
3
 mJ/cm
2
) but then decreased 
significantly for 1.5 mM (30%) and 3 mM (48%) during the next 10 min (after UV fluence of 
11×10
3
 mJ/cm
2
). Similarly, the reduction of A253.7 was much greater between 10 and 20 min, 
i.e., 36 and 32% for 1.5 and 3 mM Al
3+
, respectively, compared with in the first 10 min (3-
17%). Although 3 mM Al
3+
 coagulation led to markedly greater colour and A253.7 reduction 
than 1.5 mM, the reduction for UV fluence of 11×10
3
 mJ/cm
2
 was fairly similar for both these 
dosages (Figure 5.3c,d). As the results obtained for the two Al
3+
 dosages with subsequent 
UVC/H2O2 treatment showed little difference after 20 min irradiation (UV fluence of 11×10
3
 
mJ/cm
2
), 1.5 mM Al
3+
 was chosen as the most effective dosage in terms of removal 
performance with minimal chemical consumption. As the most effective dosage and pH were 
(c) 
(d) 
(a) (b) 
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similar for the samples, these conditions were used for comparison of the treatment 
performance for ROC 4 and ROC 5. 
 
5.5. UVC/H2O2 treatment with and without coagulation of ROC 4 and ROC 5 
  
The data for ROC 4 shown in Figure 5.3 has been re-plotted in Figure 5.4 to enable direct 
comparison with ROC 5. Data were normalized to the original values of the raw sample. 
Coagulation was more effective for ROC 5 than for ROC 4, particularly for the removal of 
DOC. The reduction of DOC was similar for both samples for UV fluence of 32×10
3
 mJ/cm
2
 
(Figure 5.4a). The reduction for pre-treated ROC 5 was lower (8%) than ROC 4 (19%) for 
UV fluence of 32×10
3
 mJ/cm
2
 (60 min) with most of it occurring in the first 20 min (UV 
fluence of 11×10
3
 mJ/cm
2
), i.e., 6% and 11%, respectively, showing the recalcitrant nature of 
the remaining organic compounds as a sufficient residual of H2O2 (≥25 mg/L) was present. 
Although the overall DOC reductions were fairly similar after 60 min, the difference in the 
trend of reduction indicates the different nature of the organic content of the samples which 
was not evident from the initial DOC and SUVA values (Table 5.1).   
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Figure 5-4. Normalized concentration of (a) DOC (b) COD (c) colour and (d) A253.7 reduction 
after UVC/H2O2 treatment with and without coagulation for ROC 4 and 5  
 
The trend in the reduction of COD was different for the two ROC samples during UVC/H2O2 
treatment with and without pre-treatment (Figure 5.4b). The reduction was greater for ROC 4 
(46%) than ROC 5 (37%) for UV fluence of 32×10
3
 mJ/cm
2
 during UVC/H2O2 only 
treatment. For ROC 4, a large decrease (32%) occurred for UV fluence of 5×10
3
 mJ/cm
2
 (10 
min) followed by a slow reduction compared with the gradual decrease for ROC 5. 
Significant reduction (25%) of COD after the first 10 min irradiation of pre-treated ROC 4 
shows that coagulation did not remove UV-labile and readily oxidisable COD. The reduction 
of COD was similar (51%) for both ROC samples after 60 min irradiation (UV fluence of 
32×10
3
 mJ/cm
2
) of the pre-treated samples (Figure 5.4b). 
 
The reduction of colour and A253.7 was high for both samples during UVC/H2O2 only 
treatment (Figure 5.4c,d). Unlike the gradual reduction for raw ROC, the trend in the 
reduction of colour and A253.7 was markedly different when pre-treated ROC 4 was subjected 
to the UVC/H2O2 treatment whereas it was fairly similar for ROC 5. Very little reduction of 
colour occurred in the first 10 min (for UV fluence of 5×10
3
 mJ/cm
2
) for the pre-treated 
(a) (b) 
(c) (d) 
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samples, however, it had increased markedly after 20 min (UV fluence of 11×10
3
 mJ/cm
2
), 
comparable with that at 60 min irradiation (for UV fluence of 32×10
3
 mJ/cm
2
) without pre-
treatment.  
 
Enhanced reduction of colour and A253.7 during UVC/H2O2 treatment of the pre-treated 
samples was attributed to the greater breakdown of the chromophores due to improved UVT 
after coagulation (40-43% from initial values of 21-23%). The large reduction of colour and 
A253.7 but low DOC reduction implies that decolourization occurred due to the breakdown of 
the chromophore bonds with the major fragments or bulk of the original molecules remaining 
intact, i.e., they were not mineralized. It has been shown that complete decolourization can 
occur with little reduction of TOC and COD (Hao et al., 2000).  
 
The initial higher reduction of DOC of the raw sample was attributed to the breakdown of the 
preferentially targeted compounds (humic-like) whereas the slower initial DOC reduction of 
the pre-treated sample during UVC/H2O2 treatment was attributed to the preferential removal 
of the same compounds by coagulation. Coagulation mainly removes large MW compounds 
such as humics and these are also preferentially targeted by the HO
•
 generated during 
UVC/H2O2 treatment (Atkinson et al., 1979). Nonetheless, greater reduction of DOC was 
observed after UVC/H2O2 treatment with pre-treatment than without pre-treatment. Taking 
into account the fairly similar initial DOC and salt concentrations of both samples, the 
effectiveness of the coagulation appears to be a function of nature of the organic content. 
Faster and greater reductions of colour and A253.7 occurred during UVC/H2O2 treatment of the 
pre-treated sample such that their values after 20 min irradiation (UV fluence of 11×10
3
 
mJ/cm
2
) of pre-treated ROC 4, and after 30 min (UV fluence of 16×10
3
 mJ/cm
2
) for ROC 5, 
were almost similar to or lower than after 60 min (for UV fluence of 32×10
3
 mJ/cm
2
) 
UVC/H2O2 only treatment.   
 
5.6. Kinetics     
 
The reduction of DOC, COD, colour and A253.7 for the first 30 min of irradiation were 
modelled as first order kinetics according to Equation 5.1. The data was processed using the 
GRG nonlinear solving method using Microsoft Excel Solver, and then the fit to the pseudo 
first order kinetics determined. The reliability of this approach has been confirmed in the 
literature (Denton, 2010). 
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ln [Ct/Co] = -kt     Equation 5.1 
 
where k is the reaction rate constant (min
-1
) and Co and Ct are the concentrations at irradiation 
time 0 and t, respectively. By plotting ln(Ct)/ln(Co) versus time (t), the values of k were 
obtained and are given in Table 5.3.  
 
Table 5.3. Constants to model the loss of DOC, COD, colour and A253.7 after 30 min 
UVC/H2O2 treatment (UV fluence of 16×10
3
 mJ/cm
2
) with and without coagulation by 1.5 
mM Al
3+
 
Treatment  ROC 4 ROC 5 
 Parameter k (min
-1
) R
2
 k (min
-1
) R
2
 
UVC/H2O2 only DOC 0.006 0.85 0.006 0.88 
COD 0.02 0.74 0.01 0.99 
Colour 0.02 0.94 0.02 0.97 
A253.7 0.02 0.97 0.03 0.98 
1.5 mM Al
3+
+UVC/H2O2 DOC 0.005 0.93 0.004 0.93 
COD 0.02 0.76 0.01 0.96 
Colour 0.09 0.85 0.03 0.80 
A253.7 0.05 0.94 0.03 0.99 
 
 
The reduction of DOC, COD, colour and A253.7 followed a pseudo first order reaction for the 
first 30 min (UV fluence of 16×10
3
 mJ/cm
2
) for both samples. The reduction of DOC, colour 
and A253.7 occurred at fairly similar rates for ROC 4 and 5 for UVC/H2O2 only treatment, 
however the rate of COD reduction was lower for ROC 5 (Table 5.3). The data correlated 
well with acceptable R
2
 values (≥0.85) except for COD reduction for ROC 4. The lower R2 
value (0.74) for COD suggested only a moderate fit to the model for the reduction of COD. 
The rates of DOC reduction were lower after pre-treatment for both the samples due to the 
removal of a considerable fraction of the large molecular weight compounds (humic-like) that 
were preferentially targeted by the UVC/H2O2 treatment. However, the rates for COD 
reduction were similar to that of UVC/H2O2 only treatment for each sample and there was a 
stronger correlation for ROC 5 (R
2 
= 0.96) than ROC 4 (R
2 
= 0.76). Markedly higher rates of 
colour and A253.7 reduction were observed after UVC/H2O2 treatment of the pre-treated ROC 
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4, whereas they were comparable for ROC 5 after 30 min UVC/H2O2 treatment (UV fluence 
of 16×10
3
 mJ/cm
2
) with and without pre-treatment.  
 
5.7. Fluorescence excitation-emission (EEM) matrix spectra 
 
The impact of UVC/H2O2 treatment with and without coagulation (1.5 mM Al
3+
) was 
investigated using the fluorescence regional integration (FRI) technique (Chen W et al., 
2003a). The DOC of each sample was adjusted to 10 mg/L after coagulation to avoid the 
inherent quenching effect. The difference between FRI results was <5% for duplicate runs. 
  
The EEM volumes obtained for the raw samples exhibited similar patterns but the rates of 
reduction were different (Figure 5.5a,b). For UVC/H2O2 only treatment, the pattern of 
decrease in the major fluorescent species (humics) was similar to the reduction of colour and 
A253.7. For ROC 4, the reduction of HA-like and FA-like species was 80% and 76% for UV 
fluence of 32×10
3
 mJ/cm
2
, respectively. The reduction of HA-like and FA-like compounds 
was lower for ROC 5 with final reductions of 62% and 60%, respectively. However, the 
reduction of AP1 and SMPs was a little greater for ROC 5 (100% and 85%) than for ROC 4 
(89% and 78%). 
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Figure 5-5. Comparison of EEM volumes of (a) ROC 4 and (b) 5 before and after various UV 
fluences during UVC/H2O2 only treatment; (c) raw ROC 4, after Al
3+
 and Al
3+
 + UVC/H2O2 
treatment after various UV fluences; (d) raw ROC 5, after Al
3+
 and Al
3+
 + UVC/H2O2 
treatment after various UV fluences (DOC ~10 mg/L)  
 
Although appreciable reduction of colour (33-39%) and A253.7 (22-34%) occurred after 
coagulation, a small increase in the EEM volumes was observed in most fractions for both 
samples (Figure 5.5c,d). Aluminium ion has been shown to enhance the fluorescence of fulvic 
acids at pH 4 (Elkins and Nelson, 2002) and pH 5 (Cabaniss, 1992), and humic substances at 
pH 5-5.5 (Sharpless and McGown, 1999). Aluminium binds very strongly (log Kf 5-6) to 
humic substances, particularly at pH 4-5, due to high levels of “free Al3+” which is readily 
available for interaction with dissolved humic substances (Elkins and Nelson, 2002).  
 
The impact of pH and Al
3+
 ion on ROC was confirmed by carrying out EEM spectroscopy. 
Some reduction in fluorescence response was observed when the pH was reduced from pH 
8.3 to 5 (Appendix 2). Increase in relative fluorescence intensity with increasing pH up to pH 
10-11 is reported for organic matter in seawater (Laane, 1982), standard humic substances 
(Pullin and Cabaniss, 1995) and Aldrich humic acid extracts (Matthews et al., 1996). To 
ascertain that the increase in fluorescence was associated with the addition of Al
3+
, EEMs 
were obtained for the coagulated sample at pH 5 and without pH adjustment (pH 7.3). An 
(a) 
 
(b) 
 
(c) 
 
(d) 
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increase in fluorescence was observed in both cases, with marginally greater fluorescence 
response at pH 5 (Figure 5.5d), which confirms that the increase in fluorescence occurred due 
to the complexation of Al
3+
 ion. The increase in fluorescence was higher at pH 5 than without 
pH adjustment (pH 7.3), confirming a stronger interaction of Al
3+
 ion with dissolved humic 
substances at low pH. 
 
The EEM volumes for UVC/H2O2 treatment of pre-treated ROC 4 revealed a large reduction 
in all fractions with greater proportional reductions for HA-like and FA-like substances in the 
first 20 min (UV fluence of 11×10
3
 mJ/cm
2
), i.e., 85% and 65%, respectively, (Figure 5.5c). 
These results are consistent with the large reductions in colour and A253.7 of ROC 4 after 20 
min irradiation of the coagulated sample confirming that HA-like and FA-like substances 
were the major contributors to the colour of ROC 4 and 5. For ROC 5, the reduction of APs 
and SMPs was faster during UVC/H2O2 treatment of the pre-treated sample than UVC/H2O2 
only treatment during first 30 min (UV fluence of 16×10
3
 mJ/cm
2
) of irradiation. The 
reduction of HA-like and FA-like substances (Figure 5.5d) was consistent with the trends in 
the reduction of colour and A253.7. The two ROC samples revealed different trends in the 
reduction of fluorescence, colour and A253.7, demonstrating the breakdown of chromophores 
at different rates and so indicating differences in the composition of the organic content. 
These results demonstrate that the colour reduction mainly occurred due to the partial 
oxidation of the HA-like and FA-like compounds which was not accompanied by 
correspondingly large reductions in DOC. 
 
5.8. Changes in molecular size 
 
Comparison of the LC-OCD chromatograms shows the different nature of the organic content 
of ROCs 4 and 5 (Figure 5.6a) which may explain the different rates and extents of organic 
matter removal, particularly after pre-treatment. Figure 5.6a shows that the humics were the 
major constituents of ROC 5, representing 50% of the DOC followed by LMW neutrals 
(27%), building blocks (14%) and biopolymers (8%). The concentration of humics (43%), 
building blocks (7%) and biopolymers (2%) was lower for ROC 4 but it had a significant 
content of LMW neutrals (38%). A large proportion of the humic substances were removed 
by coagulation, followed by building blocks and biopolymers (Figure 5.6b). The large 
reduction in humics corresponded well with the reduction in colour. An increase in LMW 
neutrals was observed after coagulation. Similar results were reported by Liang et al. (2009) 
and they attributed this peak to unidentifiable compounds which potentially were related to 
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the charge neutralization effect. An increase in the building blocks and LMW fractions after 
coagulation has also been reported in several other studies (Baghoth et al., 2009; Baghoth et 
al., 2011; Wassink et al., 2011).  
 
The humic-like compounds contain acidic phenolic and carboxylic groups which provide 
most of the negative charge carried by the molecule (Bratby, 2006). The mechanism for the 
removal of humics at pH 5 includes: (a) binding of metal species to anionic sites leading to 
charge neutralization and reduced solubility and precipitation of the metal-humic complex, 
and (b) adsorption of humics on amorphous metal hydroxide precipitate (Duan and Gregory, 
2003a). 
 
 
 
 
 
Figure 5-6. LC-OCD chromatograms of (a) raw ROC 4 and 5; (b) raw and coagulated ROC 
5; and DOC concentration of the fractions (c) after UVC/H2O2 treatment, (d) after 
coagulation+ UVC/H2O2 treatment and biological treatment via the BDOC test 
 
The DOC concentration of the various fractions after the various treatments of ROC 5 is 
shown in Figure 5.6c,d. A large reduction (78%) of biopolymers and humics (42%) occurred 
(a) (b) 
(c) (d) 
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after 20 min (UV fluence of 11×10
3
 mJ/cm
2
) UVC/H2O2 only treatment (Figure 5.6c). The 
reduction of the humics was accompanied by a corresponding increase in building blocks. An 
increase in LMW neutrals occurred after 20 min irradiation but had decreased after 60 min 
(UV fluence of 32×10
3
 mJ/cm
2
) due to their mineralization. A large reduction in building 
blocks (38%) and LMW neutrals (47%) was observed when the 20 min UVC/H2O2 treated 
sample was subjected to biological treatment (BDOC determination) (Figure 5.6c). 
 
The large reduction in LMW neutrals after 20 min irradiation of the 1.5 mM Al
3+
 pre-treated 
sample compared with the sample without pre-treatment was attributed to their improved 
oxidation after coagulation; the removal of humics increased the UVT and so increased 
exposure of the LMW neutrals to oxidation by HO
•
. Further reduction of biopolymers, humics 
and building blocks was observed when the pre-treated sample was subjected to 20 min 
UVC/H2O2 treatment followed by the BDOC assay (Figure 5.6d). Some increase in the 
concentration of LMW neutrals was observed after the BDOC assay. Similar results were 
reported by Baghoth et al. (2009) during BAC treatment of drinking water.  
 
5.9. Impact of treatment on biodegradability improvement  
 
The biodegradability of ROC 4 increased from 5% to 23% after 60 min, i.e., for UV fluence 
of 32×10
3
 mJ/cm
2
 (Figure 5.7a). The biodegradability almost doubled after 10 min of 
irradiation (UV fluence of 5×10
3
 mJ/cm
2
) but then reduced, i.e., after 20 min (UV fluence of 
11×10
3
 mJ/cm
2
). However, increasing the irradiation to 30 min (UV fluence of 16×10
3
 
mJ/cm
2
) doubled the biodegradability whereas the change in biodegradability did not 
correspond to the increase of UV fluence after 16×10
3
 mJ/cm
2
, i.e., 1.4-fold increase by 
increasing the UV fluence from 16 to 32 ×10
3
 mJ/cm
2
, cf. 1.9-fold when UV fluence was 
increased from 11 to 16 32 ×10
3
 mJ/cm
2
.  
 
Coagulation reduced the biodegradability by 59% (ROC 4) and 42% (ROC 5) which was 
attributed to the removal of some of the biodegradable fraction of the organic matter by alum. 
A large increase in biodegradability was observed when pre-treated ROC 4 was subjected to 
UVC/H2O2 treatment which resulted in a low residual DOC of 11.3 mg/L compared with 16.8 
mg/L after UVC/H2O2 only treatment UV for a similar UV fluence of 16 ×10
3
 mJ/cm
2
 (Figure 
5.7b). Most of the improvement in biodegradability (13%) occurred after delivering a UV 
fluence of 16 ×10
3
 mJ/cm
2
. A slightly lower DOC (14.6 mg/L) than the target of 15 mg/L was 
achieved after delivering a UV fluence of 16×10
3
 mJ/cm
2
 (Figure 5.7b). Raw ROC 5 showed 
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higher initial biodegradability (16%) and although the improvement in biodegradability after 
60 min irradiation was lower than for ROC 4, the absolute values were higher for ROC 5 
(Figure 5.7c). The improvement in biodegradability of the pre-treated ROC 5 was lower than 
ROC 4, however, the trend was similar with most occurring in the first 30 min (Figure 5.7d).  
 
The reduction of DOC of ROC 4 after UVC/H2O2 treatment (UV fluence of 11 ×10
3
 mJ/cm
2
) 
of the pre-treated sample followed by BDOC assay was 46%, and 19% additional reduction 
was obtained when the UV fluence was increased to 32 ×10
3
 mJ/cm
2
. Under similar 
conditions for ROC 5, the total reduction of DOC was greater (62%), and little further (10%) 
reduction occurred when the UV fluence was increased to 32 ×10
3
 mJ/cm
2
 (Figure 5.7d). 
Taking the results of the EEM spectra and LC-OCD into account, the initial rapid increase in 
the biodegradability was mainly due to the breakdown of the large MW organic compounds 
(humics) to small biodegradable organic molecules. As mentioned in Section 5.8, coagulation 
improved the UVT by removing some of the biopolymers and humic-like matter, leading to 
greater breakdown of some of the remaining organic content that was removed during 
downstream biological treatment (as BDOC assay). In spite of the different initial DOC 
values and different trends of DOC reduction, the residual DOC after UV fluence of 32×10
3
 
mJ/cm
2 
was fairly similar for both samples indicating the robustness of the investigated 
treatment. The required UV fluence was lower than half for both ROC samples when 
UVC/H2O2 treatment was integrated with coagulation as pre-treatment and BDOC assay as 
post-treatment to achieve the target residual DOC of 15 mg/L, markedly reducing the energy 
requirements.  
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Figure 5-7. Biodegradability of ROC 4 after (a) UVC/H2O2 only treatment and (b) after pre-
treatment; ROC 5 after (c) UVC/H2O2 only treatment and (d) after pre-treatment (1.5 mM 
Al
3+
) 
 
5.10. Estimation of electrical energy dose (EED) 
 
Electrical energy dose (EED) which is the electrical energy required to reduce the initial 
concentration of DOC at the beginning of the UVC/H2O2 treatment to the DOC level 
measured at the end of the UVC/H2O2 treatment (kWh/m
3
). EED was calculated for a target 
DOC residual of 15 mg/L for ROC 4 and ROC 5 to compare the effectiveness of individual 
and sequential treatment. As coagulation is considered to be a low energy process (Bromley 
et al., 2002; Huang et al., 2011) and the energy required for biological treatment is negligible 
(Marco et al., 1997) compared with the AOPs, only the energy required for UVC/H2O2 
treatment was considered. Generally, the energy needed for the production of H2O2 is not 
included in the EED calculation which is most likely due to the fact the EED is calculated at 
(a) (b) 
(c) (d) 
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optimum H2O2 dosage. However, it must be considered particularly when large concentrations 
of H2O2 are used. An average energy requirement of 10 kWh/kg for H2O2 production was 
assumed according to Rosenfeldt et al. (2006).  
 
Table 5.4. EED for DOC removal for UVC/H2O2 with and without coagulation and BDOC 
assay to achieve DOC residual of 15 mg/L 
  EED (kWh/m
3
) 
Treatment 
UV fluence 
(×10
3
 mJ/cm
2
) 
ROC 4 ROC 5 
UVC/H2O2 32 313 312 
UVC/H2O2+BDOC 32 151 133 
Coagulation+UVC/H2O2 32 284 241 
Coagulation+UVC/H2O2+BDOC 16 58 - 
Coagulation+UVC/H2O2+BDOC 11 - 30 
 
 
The UVC/H2O2 alone treatment showed a high energy requirement for both ROC samples to 
achieve a residual DOC of 15 mg/L (Table 5.4). A large reduction in EED occurred when 
biological treatment (as BDOC assay) was used after 60 min UVC/H2O2 treatment. Pre-
treatment led to a large reduction in EED with a lower DOC residual than without pre-
treatment for UV fluence of 32×10
3
 mJ/cm
2
. When sequential coagulation and UVC/H2O2 
treatment was used with downstream BDOC assay, the target residual DOC was achievable 
after much lower UV fluence (slightly lower than 16×10
3
 mJ/cm
2 
and 11×10
3
 mJ/cm
2
) for 
ROC 4 and ROC 5, respectively, resulting in substantial reductions of EED (Table 5.4).  
 
It should be noted that the EED estimates reported are preliminary as coagulation leads to 
sludge production which requires appropriate processing, increasing the energy requirement 
and cost of the treatment. However, taking into account that coagulation is generally used as a 
pre-treatment in municipal WWTPs, the sludge produced during ROC pre-treatment can be 
handled collectively where appropriate. 
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5.11. Conclusions 
 
Although the bulk water characteristics of the two ROC samples were comparable, 
coagulation (1.5 mM Al
3+
) removed more DOC for ROC 5 (29%) than for ROC 4 (16%). 
Similarly, the reduction of COD, colour and A253.7 was greater for ROC 5. These differences 
were attributed to the different nature and composition of the organic components, viz., a 
higher content of humics in ROC 5, as confirmed by EEMs, LC-OCD and biodegradability 
analyses. A similar level of DOC mineralization was obtained for both samples during 
UVC/H2O2 only treatment and pre-treatment led to additional (10-12%) reduction of DOC for 
similar levels of UVC/H2O2 treatment. The lower rates of reduction of DOC after pre-
treatment were attributed to the preferential removal of humic-like components by both 
treatments.     
  
As for the ROC samples in Chapter 4, the UVC/H2O2 treatment improved biodegradability, 
and using biological treatment (as BDOC assay) after the sequential coagulation and 
UVC/H2O2 treatment led to the target residual DOC of 15 mg/L for UV fluence of slightly 
lower than 16×10
3
 mJ/cm
2
 and 11×10
3
 mJ/cm
2 
for ROC 4 and ROC 5, giving overall DOC 
reductions of 55% and 62%, respectively. However, ROC 4 exhibited greater biodegradability 
than ROC 5 for UV fluence of 16×10
3
 mJ/cm
2 
with and without coagulation. Hence although 
the extent of mineralization was comparable, it is evident that the mineralization of organic 
content alone does not indicate the real impact of UVC/H2O2 treatment and that the 
biodegradability may differ significantly for a similar level of mineralization for two samples 
of comparable DOC content. A significant decrease (53% for ROC 4 and 73% for ROC 5) in 
the EED was obtained by coupling coagulation (as pre-treatment) and biological treatment 
(post-treatment) with the UVC/H2O2 process, suggesting the viability of the proposed 
treatment scheme for the treatment of the highly saline ROC from the wastewater reclamation 
plant. As ferric-based coagulants are commonly used, the next chapter looks at finding the 
best coagulant for the pre-treatment of ROC through providing a direct comparison between 
aluminium- and ferric-based coagulants.  
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Chapter 6. Comparison of coagulation efficiency of aluminium and ferric-
based coagulants as pre-treatment for UVC/H2O2 treatment 
 
 
Coagulation using two aluminium (alum and aluminium chlorohydrate (ACH)) and two 
ferric-based coagulants (ferric chloride and ferric sulphate) was investigated as a pre-
treatment for the UVC/H2O2 treatment of high salinity municipal wastewater reverse osmosis 
concentrate. The best coagulant dosage and pH was established after taking the reductions of 
DOC, colour, A253.7, UV transmittance (UVT) and chemical use into account. The most 
effective conditions for each coagulant were then used for the pre-treatment of ROC for 
UVC/H2O2 treatment. The coagulants were then compared with a view to reducing the 
irradiation time to produce a target residual DOC concentration of 15 mg/L after biological 
treatment (as BDOC assay). The energy efficiency of each process was evaluated in terms of 
EED.  
  
6.1. Introduction 
 
Coagulation using alum has been proven effective for the removal of a significant fraction of 
the organic content of ROC in Chapter 5. In addition to alum, ferric-based coagulants are 
commonly used in water and wastewater treatment due to their effectiveness, wide 
availability and low cost. A number of alternative aluminium-based coagulants have been 
used for the treatment of water including polyaluminium chloride (PACl), aluminium 
chlorohydrate and polyaluminium chlorohydrate. An important property of the prehydrolyzed 
polyaluminium coagulants is their high basicity (ratio of hydroxyl to aluminium ions) which 
leads to low alkalinity consumption and little impact on pH (Gebbie, 2011). ACH is more 
hydrated and has a greater alumina content than PACl and was chosen for a comparison with 
alum for the pre-treatment of ROC. Two ferric-based (ferric sulphate and ferric chloride) 
coagulants were selected to compare with alum and ACH in terms of the removal of organic 
matter and change in biodegradability with and without UVC/H2O2 treatment. Ferric chloride 
is generally considered more corrosive and expensive than ferric sulphate. Therefore these 
coagulants were compared to see if the use of ferric chloride was sufficiently advantageous to 
outweigh its cost and corrosive nature.  
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6.2. Characterization of ROC 
The characteristics of the ROC sample used for this part of study are given in Table 6.1.  
 
Table 6.1. Characteristics of ROC 6 
 
Parameter Value 
DOC (mg/L) 32 
COD (mg/L) 101 
pH 7.4 
Colour (Pt.Co. units) 157 
Chloride (mg/L) 8520 
TDS (mg/L) 16587 
A253.7 (1/cm) 0.63 
SUVA (L/mg.m) 1.97 
Alkalinity (as CaCO3, mg/L) 710 
Conductivity (mS/cm) 23 
BDOC (mg/L) 4 
Nitrate (mg/L) 1.4 
NH3-N (mg/L) 4 
PO4
3
-P (mg/L) 22 
 
 
6.3. Effect of coagulant dosage and pH  
The effect of coagulant dosage was investigated using a range of metal concentrations (0.5-3 
mM as Al
3+
 or Fe
3+
) at pH 5. The reduction of DOC, colour and A253.7 increased with 
increasing coagulant dosage and then plateaued. The reduction of DOC using alum was 23% 
and 28% for 1 and 1.5 mM Al
3+
, respectively, and only 4% additional reduction (total 
reduction of 32%) was observed when the dosage was doubled to 3 mM (Figure 6.1a). Little 
improvement of DOC reduction above 1 mM Al
3+ 
was observed for ACH and the reduction of 
DOC was lower (14%) than for alum for similar dosage (1 mM Al
3+
). Similarly, the reduction 
of colour (69%) and A253.7 (42%) was greater for alum than ACH at 1 mM Al
3+
 with 
corresponding reductions of 43% and 20% (Figure 6.1b). 
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The ferric-based coagulants were superior to alum and ACH. The reduction of DOC was 
comparable (40-42%) for both coagulants for 1 mM Fe
3+
 and little reduction occurred with 
increasing dosage to 1.5 mM and then plateaued (Figure 6.1a). The reduction of colour was 
greater (≥80%) for ferric-based coagulants than alum for a similar metal dosage (1 mM) 
(Figure 6.1b). Similarly, the reduction of A253.7 was greater for ferric-based coagulants (50-
52%) than alum (42%) and ACH (20%) for the metal dosage of 1 mM. Little reduction of 
colour and A253.7 occurred above 1 mM for all coagulants (Figure 6.1c). Considering the small 
difference in the treatment performance for 1 and 1.5 mM dosages for both ferric and 
aluminium-based coagulants, 1 mM can be termed as the most efficient in terms of lower 
coagulant use and therefore the follow-up experiments were carried out using 1 mM Al
3+
 or 
Fe
3+
. As ACH was a markedly least effective coagulant, it was not used in the follow-up 
experiments.      
 
\ 
 
 
 
 
Figure 6-1. Normalized concentration of (a) DOC; (b) colour; and (c) A253.7 of ROC as a 
function of coagulant dosage 
 
The most appropriate pH was verified by performing coagulation at a range of pH values, pH 
5-7 for alum and pH 4-7 for ferric-based coagulants, at the metal concentration of 1 mM.  All 
(a) (b) 
(c) 
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three coagulants performed better at pH 5 in terms of the reduction of DOC, colour and A253.7 
(Table 5.2). Little difference in the reduction of DOC and colour was noted between pH 4 and 
6 for the ferric-based coagulants, however, a significant increase in A253.7 was observed at pH 
4 which was attributed to interference by ferrous iron (APHA, 2005).  
 
Table 6.2 Effect of pH on the coagulation efficiency 
  % reduction 
 
Ferric sulphate Ferric chloride Alum 
Parameter pH 4 pH 5 pH  6 pH 7 pH 4 pH 5 pH 6 pH 7 pH 5 pH 6 pH 7 
DOC 26 40 24 13 30 42 25 22 29 15 14 
Colour 65 80 65 43 60 78 61 52 69 43 41 
A253.7 -52 52 37 21 -157 53 45 27 42 26 24 
 
6.4. UVC/H2O2 treatment  
6.4.1. Impact of coagulation on UVC/H2O2 treatment  
 
The ROC sample was pre-treated with aluminium- and ferric-based coagulants under best 
dosage conditions at pH 5 and then subjected to UVC/H2O2 treatment (3 mM H2O2). 
Mineralization of organic content increased slowly but steadily with increasing irradiation 
whereas the reduction of colour and A253.7 and improvement of UVT was markedly faster. 
Reduction of DOC was 29% and that of colour and A253.7 was 96% and 82%, respectively, 
whereas UVT improved from 24% to 78% for UV fluence of 32×10
3
 mJ/cm
2
, i.e., after 60 
min UVC/H2O2 only treatment. As coagulation removed a significant portion of the organic 
content and improved the UVT to 45-55%, the UVC/H2O2 treatment of the pre-treated sample 
led to enhanced reduction of DOC after pre-treatment. For alum, the reduction of DOC was 
16% greater than UVC/H2O2 only treatment. However, the reduction of DOC was slow after 
pre-treatment and a reduction of 46% was observed after 60 min (Figure 6.2a). Similarly, the 
reduction of DOC was slow during UVC/H2O2 treatment of both ferric-based pre-treated 
samples (Figure 6.2a). Pre-treatment led to an additional 14% reduction of DOC for ferric 
sulphate whereas it was 7% for ferric chloride for a similar level of UVC/H2O2 treatment (UV 
fluence of 32×10
3
 mJ/cm
2
) (Figure 6.2a). Fairly similar DOC reductions were obtained for the 
ferric chloride coagulated sample for UV fluence of 16×10
3
 mJ/cm
2 
(30 min). Marginal 
difference (6%) in the reduction of DOC was observed after 60 min (UV fluence of 32×10
3
 
mJ/cm
2
) for both ferric-based coagulants.  Data were normalized to the original values of the 
raw sample. 
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The reduction of colour was slow during first 10 min irradiation (UV fluence of 5×10
3
 
mJ/cm
2
) of the pre-treated samples which led to comparable values after 20 min irradiation 
(UV fluence of 11×10
3
 mJ/cm
2
) with and without coagulation except for ferric chloride which 
showed marginally (9%) greater reduction (Figure 6.2b). Reduction of A253.7 (Figure 6.2c) 
and improvement of UVT (Figure 6.2d) was marginally greater (8-11%) for the pre-treated 
sample after 60 min (UV fluence of 32×10
3
 mJ/cm
2
). Reduction of A253.7 and UVT 
improvement was greater for both ferric-based coagulants than alum, however the difference 
reduced in the final 30 min (UV fluence of 32×10
3
 mJ/cm
2
) leading to fairly comparable 
values.  
 
 
     
 
Figure 6-2. Comparison of (a) DOC (b) colour, (c) A253.7 reduction, and (d) UVT 
improvement after irradiation of pre-treated ROC 
 
6.4.2. Impact on molecular size of the organic content of ROC 6 
 
Humics were the major constituents of the raw ROC 6, representing 36% of the DOC 
followed by LMW neutrals (16%), building blocks (7%) and biopolymers (9%) (Figure 6.3). 
(a) 
(c) 
(d) 
(b) 
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Comparison of the LC-OCD chromatograms of the raw and coagulated samples shows a large 
removal of humics by each coagulant with the ferric-based ones removing a greater 
proportion than alum (Figure 6.3). The reduction of humics was 49%, 64%, 67% for alum, 
ferric sulphate and ferric chloride, respectively. Similarly the reduction of building blocks 
was greater for both ferric-based coagulants (18-19%) than alum (6%). The reduction of 
LMW neutrals was negligible (<2%) using alum whereas it was greater and comparable (10-
11%) for both ferric-based coagulants. Reduction of biopolymers was comparable for alum 
and ferric sulphate (89%) whereas marginally lower (80%) reduction was obtained for ferric 
chloride.  
 
 
Figure 6-3 Comparison of LC-OCD chromatograms of raw and coagulated ROC 6 
 
6.4.3. Fluorescence excitation-emission matrix spectra 
 
The impact of pre-treatment and UVC/H2O2 treatment with and without coagulation was 
investigated using the fluorescence regional integration (FRI) technique. The DOC of ROC 
was adjusted to 10 mg/L to avoid the inherent quenching effect associated with high DOC 
levels (>10 mg/L) and to allow direct comparison of the different organic components. The 
EEM volumes obtained for the raw sample showed humic matter as two large peaks as humic 
acid-like (HA-like) matter and fulvic acid-like (FA-like) matter followed by soluble microbial 
products (SMPs) and aromatic proteins (AP I and AP II) (Figure 6.4a). The reduction of the 
major fluorescent species (HA-like and FA-like matter) increased with increasing irradiation 
and it followed the trends of colour and A253.7 reduction (Figure 6.4a). The reduction of HA-
like, FA-like, SMPs and AP11 was 64%, 62%, 76% and 90% after the first 30 min irradiation 
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(UV fluence of 16×10
3
 mJ/cm
2
) and increased to 82%, 80%, 83% and 96%, respectively, after 
60 min (UV fluence of 32×10
3
 mJ/cm
2
) UVC/H2O2 only treatment. A small increase in the 
EEM volumes after pre-treatment was observed for all coagulants (Figure 6.4b-d). EEM 
volumes after coagulation were therefore not consistent with the reductions of colour and 
A253.7 which is in agreement with the findings reported in Chapter 5, where the cause of the 
increase in fluorescence response was discussed. Briefly, it was attributed to complexes 
formed between anionic humic and cationic coagulant species at low pH. Similarly, an 
increase in the fluorescence response was observed for both ferric-based coagulants and it 
was verified that this increase was attributed to the coagulant as a decrease in pH resulted in 
decreased EEM volumes in all the regions (Appendix 3). 
 
The extent of the reduction of HA-like and FA-like matter was similar or greater after 60 min 
irradiation (UV fluence of 32×10
3
 mJ/cm
2
) of the pre-treated samples except for the sample 
pre-treated by ferric sulphate in which case the reduction was little lower (2-4%), than 
without pre-treatment. The reduction of API, APII and SMPs was either similar or greater 
after 60 min UVC/H2O2 treatment of the alum pre-treated sample than without pre-treatment, 
whereas it was a little lower (2-3%) for the samples pre-treated by ferric-based coagulants 
than 60 min UVC/H2O2 only treatment.   
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Figure 6-4. Comparison of EEM volumes of (a) raw and UVC/H2O2 treated ROC sample 6; 
after (b) alum; (b) ferric sulphate; (c) ferric chloride coagulation with and without UV 
treatment (DOC of 10 mg/L); UV fluence as ×10
3
 mJ/cm
2 
 
6.4.4. Change in biodegradability 
 
Comparison of change in biodegradability after UVC/H2O2 treatment with and without 
coagulation was made. The biodegradable DOC fraction of raw ROC 6 was 13% which 
decreased after 10 min of UVC/H2O2 only treatment (5×10
3
 mJ/cm
2
) and then increased 
slightly with increasing UV fluence up to 16×10
3
 mJ/cm
2
 (30 min) followed by a ~2-fold 
increase in the final 30 min (Figure 6.5a). Alum pre-treated sample exhibited a 
biodegradability of 7% (Figure 6.5b); lower than for the raw sample. Similar results were 
reported in Chapter 5 for ROC 4 and 5. The ferric-based coagulants performed differently 
from alum and the percentage biodegradability of the remaining organics after coagulation 
was comparable with that of the raw sample.  
 
(a) 
(c) 
(b) 
(d) 
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Figure 6-5. Biodegradability improvement after (a) UVC/H2O2 only treatment; after (b) 
alum; (b) ferric sulphate; (c) ferric chloride coagulation with and without UVC/H2O2 
treatment 
 
As for untreated ROC, some decrease in biodegradability was observed after 10 min 
irradiation (UV fluence 5×10
3
 mJ/cm
2
) of the alum and ferric sulphate pre-treated samples, 
however it improved after 20 min (UV fluence 11×10
3
 mJ/cm
2
). Increasing the irradiation 
time further led to an increase in biodegradability for the alum pre-treated sample and it 
doubled on doubling the UV fluence from 16×10
3
 mJ/cm
2
 (30 min) to 32×10
3
 mJ/cm
2
 (60 
min) whereas it reduced for ferric sulphate with increasing irradiation after 20 min (Figure 
6.5c). For ferric chloride, the biodegradability did not change after 10 min irradiation but 
increased steadily with increasing irradiation although the increment was little after UV 
fluence of 16×10
3
 mJ/cm
2
 and 32×10
3
 mJ/cm
2
 (Figure 6.5d). Hence, the trend in the 
improvement of biodegradability was different for each coagulant, particularly in the final 30 
min irradiation where it doubled for alum, decreased for ferric sulphate, and little 
improvement was noted for ferric chloride (Figure 6.5c,d).  
(a) (b) 
(c) (d) 
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The residual DOC for the ferric
 
pre-treated samples was lower than for the alum
 
pre-treated 
sample over the first 30 min of irradiation (Figure 6.5c,d). However due to significant 
improvement of biodegradability in the final 30 min of irradiation of Al
3+ 
pre-treated sample 
(Figure 6a), the final DOC residual was lower than for ferric sulphate and comparable for 
ferric chloride. The target residual DOC (≤15 mg/L) was obtained after 20 min UVC/H2O2 
treatment of both ferric-based coagulant pre-treated samples whereas alum
 
required longer 
irradiation (>30 min) for a comparably low DOC residual.  
 
6.5. Discussion  
 
Ferric-based coagulants proved superior for reducing DOC, colour and A253.7 and improving 
UVT than both alum and ACH. The coagulation efficiency of ferric sulphate and ferric 
chloride was comparable whereas alum was markedly better than for ACH for the same Al
3+
 
dosage. Coagulation was most effective at pH 5 for all coagulants. The greater efficiency of 
the ferric-based coagulants can be attributed to the large floc sizes, greater adsorption of 
organic matter to the ferric flocs and its ability to remove organic compounds over a wide size 
range compared with aluminium (Duan and Gregory, 2003a; Bagastyo et al., 2011a). 
Moreover, the superiority of ferric-based coagulants is also attributed to their higher charge 
density compared with the aluminium-based coagulants (Lindqvist et al., 2002).  
 
Coagulation by all three coagulants removed a significant portion of the organic matter of 
ROC 6 that led to an enhanced reduction of DOC during subsequent UVC/H2O2 treatment, 
however, the rate and extent of reduction for the coagulated ROC was lower compared with 
the ROC without pre-treatment. The ferric-based coagulants performed better than alum 
under similar conditions although the difference in the reduction of DOC after 60 min 
UVC/H2O2 treatment (UV fluence 32×10
3
 mJ/cm
2
) was marginal (<4%) for ferric chloride 
and alum for a metal dosage of 1 mM. Superior performance of the ferric-based coagulants 
was attributed to the greater reduction of most of the DOC fractions than alum as indicated by 
the LC-OCD chromatograms (Figure 6.3). In addition to that, the ferric-based coagulants 
removed a wider range of organic compounds than alum which removed a lower proportion 
of the building blocks and LMW neutrals (Figure 6.3). Greater ability of ferric-based 
coagulants for the removal of organic content, particularly intermediate MW fractions, has 
been reported by Bagastyo et al. (2011a). Markedly slow colour reductions during the first 10 
min of the UVC/H2O2 treatment (UV fluence 5×10
3
 mJ/cm
2
) of pre-treated samples indicated 
the effective removal of a major portion of the colour-causing compounds by coagulation as 
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confirmed by the LC-OCD analysis. Hence the compounds (humic-like) removed by 
coagulation were also preferentially targeted by the UVC/H2O2 treatment.  
 
Similarly, enhanced reduction of A253.7 and improvement of UVT during UVC/H2O2 
treatment of the pre-treated samples was attributed to the removal of some of the organic 
matter by coagulation. The reduction of A253.7 after 30 min irradiation (UV fluence 16×10
3
 
mJ/cm
2
) of the pre-treated sample was fairly similar to 60 min UVC/H2O2 only treatment (UV 
fluence 32×10
3
 mJ/cm
2
). The improvement of UVT was consistent with reductions of colour 
and A253.7.    
 
Similar to the results noted in Chapters 4 and 5, EEM volumes revealed greater proportional 
reductions of HA-like and FA-like matter than other components with increasing irradiation 
during UVC/H2O2 only treatment which was consistent with the large reduction of colour and 
A253.7 and improvement of UVT. These results in combination with the LC-OCD analyses of 
the pre-treated ROC confirm that the HA-like and FA-like matter comprised the major 
component of the fluorescent matter.  
 
Increase in biodegradability after UVC/H2O2 treatment is generally attributed to the 
breakdown of large MW compounds (humic-like) to low MW components. As noted in 
earlier chapter 4 and 5, increased biodegradability with increasing irradiation (except after 10 
min (UV fluence 5×10
3
 mJ/cm
2
)) implies the greater breakdown of the organic matter. 
Decrease in biodegradability after 10 min UVC/H2O2 only treatment was attributed to the 
mineralization of some degradable compounds with the remaining DOC needing prolonged 
irradiation for further breakdown as indicated by a large increase in biodegradability in the 
last 30 min, i.e., after 60 min (UV fluence 32×10
3
 mJ/cm
2
).     
 
As also noted in chapter 5, some of the organic matter removed by alum was biodegradable as 
indicated by the decrease in biodegradability after coagulation. LC-OCD results revealed a 
large reduction of biopolymers by alum, these are considered biodegradable (Barker and 
Stuckey, 1999) and hence some of the decrease in biodegradability can be attributed to the 
reduction of the biopolymers. Furthermore, the proportion of remaining humic-like 
compounds was greater after alum coagulation than ferric-based coagulants which may also 
be partly responsible for the low biodegradability of the sample pre-treated by alum. 
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The difference in the amount removed biologically (BDOC assay) by ferric sulphate and 
ferric chloride can be attributed to the difference in the species of organic matter removed 
which was not evident from the LC-OCD analysis. Little improvement in biodegradability in 
combination with little reduction (partial oxidation) of DOC after 20 min of irradiation (UV 
fluence 11×10
3
 mJ/cm
2
) of both ferric-based pre-treated samples implies that the remaining 
was organic content recalcitrant considering that sufficient residual H2O2 (10 mg/L) was 
present after 60 min irradiation (UV fluence 32×10
3
 mJ/cm
2
). The difference in the 
improvement of biodegradability of alum and ferric-based pre-treated samples can be 
attributed to the different amount and types of organic matter removed by Fe
3+
 and Al
3+
 as 
indicated by LC-OCD.  
 
Although both ferric-based coagulants performed fairly similarly in terms of total reduction of 
DOC, one of the major drawbacks of the ferric sulphate was that the flocs formed were weak 
and did not effectively settle requiring filtration of the sample prior to UVC/H2O2 treatment. 
Similar to ferric sulphate the flocs formed after alum coagulation were weak, requiring long 
settling times.  
 
6.6. Estimation of EED 
 
The EED was calculated for a target DOC residual of 15 mg/L to compare the effectiveness 
of the individual and sequential treatments (Table 6.3). UVC/H2O2 only treatment was energy 
intensive (266 kWh/m
3
) and integrating BDOC assay led to a decrease in the EED but it was 
still high (192 kWh/m
3
). Coagulation prior to UVC/H2O2 treatment led to a large reduction of 
the EED in the following order, i.e., alum> ferric chloride>ferric sulphate but the EED needed 
to achieve the target residual DOC was still high (Figure 6.6). Ferric chloride led to the least 
(22 kWh/m
3
) EED during sequential coagulation, UVC/H2O2 and biological treatment (as 
BDOC assay) followed by ferric sulphate (36 kWh/m
3
) and alum (89 kWh/m
3
). 
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Table 6.3. EED values for DOC residual of 15 mg/L for UVC/H2O2 with and without 
coagulation and BDOC assay (Al refers to alum and UVH to UVC/H2O2) 
Treatment EED 
UVC/H2O2 264 
UVC/H2O2+BDOC 192 
Alum+UVC/H2O2 192 
Ferric chloride+UVC/H2O2 157 
Ferric sulphate+UVC/H2O2 77 
Alum+UVC/H2O2+BDOC 86 
Ferric sulphate+UVC/H2O2+BDOC 43 
Ferric chloride+UVC/H2O2+BDOC 22 
 
 
 
6.7. Conclusions 
Ferric-based coagulants proved superior to those based on aluminium at similar metal ion 
dosage and pH. The DOC removal efficiency of the two ferric-based coagulants was 
comparable (40-43%) whereas ACH showed a markedly lower (14%) coagulation efficiency 
than alum (23%) at the similar metal dosage of 1 mM.  
 
As observed for the previous ROC samples, UVC/H2O2 only treatment led to large reductions 
of colour (96%) and A253.7 (82%) and improvement of UVT (24% to 78%) and increased the 
biodegradability 2-fold for UV fluence of 5×10
3
 mJ/cm
2 
(60 min). The results for this ROC 
for alum and ferric-based coagulants were consistent with those for ROCs 4 and 5 after alum 
coagulation. The UVC/H2O2 treatment of the coagulated ROC led to enhanced treatment 
performance although the rate of reduction was slower than UVC/H2O2 only treatment. 
UVC/H2O2 treatment of the pre-treated samples led to 17-27% additional reduction of DOC 
compared with UVC/H2O2 only treatment. Similarly the reductions of A253.7 and improvement 
of UVT were greater for the coagulated samples such that the values after ≤20 min irradiation 
(UV fluence ≤11×103 mJ/cm2) were equal to or greater than after 60 min UVC/H2O2 only 
treatment. Reduction of colour was, however, fairly similar after 20-30 min UVC/H2O2 
treatment (UV fluence 11-16×10
3
 mJ/cm
2
) with and without coagulation pre-treatment. 
Coagulation led to some reduction of biodegradability due to the removal of some of the 
biodegradable fraction of the organic matter. Different trends for the biodegradability for each 
pre-treated sample after UVC/H2O2 treatment were attributed to the difference in the 
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proportion and type of the organic content removed as shown by the LC-OCD analysis. 
Coagulation by ferric chloride was the most efficient (12-fold) in terms of energy efficiency 
followed by ferric sulphate (7-fold) and alum (3-fold) after sequential coagulation, 
UVC/H2O2 and biological treatment (as BDOC assay) compared with stand-alone UVC/H2O2 
treatment for a residual DOC of 15 mg/L.  
 
The potential of biological treatment by use of the BDOC assay as post-treatment of the 
UVC/H2O2 treated sample with and without pre-treatment was discussed in Chapters 5 and 6. 
Although the BDOC test is useful in determining the biodegradability, it may underestimate 
the proportion which can be removed when a biological treatment process is utilised 
(Buchanan et al., 2008). In addition to the greater removal of organic matter due to 
simultaneous adsorption and biodegradation mechanisms, BAC treatment can remove both 
biodegradable and assimilable organic carbon (Takeuchi et al., 1997) and would therefore be 
an appropriate biological treatment on the UVC/H2O2 treated ROC. 
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Chapter 7. Biological activated carbon as post treatment of the UVC/H2O2 
treated municipal wastewater reverse osmosis concentrate with and without 
coagulation pre-treatment 
 
BAC treatment is a usual bio-treatment after AOPs to enhance the removal of organic matter 
and improve the cost effectiveness (Toor and Mohseni, 2007). Therefore, BAC was used in 
place of the BDOC test in the next experiments. BAC treatment as post-UVC/H2O2 treatment 
of ROC was investigated with and without coagulation using alum and the two ferric-based 
coagulants (ferric chloride and ferric sulphate). The best coagulation and UVC/H2O2 
conditions were selected based on the findings in Chapters 4-6 to investigate the impact of 
BAC (as biological treatment) on the removal of DOC. The formation of various disinfection 
by-products and ecotoxicity of selected samples was investigated. The energy efficiency was 
calculated for a residual DOC of 15 mg/L to enable comparison of different treatments.  
 
7.1. Introduction 
 
Initially used for the removal of taste and odour compounds, granular activated carbon (GAC) 
has wide ranging applications in water and wastewater treatment due to its effectiveness in 
removing natural organic matter and micropollutants. GAC has high adsorption capacity due 
to its high surface to volume ratio (Pelekani and Snoeyink, 1999). Adsorption of organic 
matter primarily takes place in mesopores (2-50 nm width) and large micropores (1-2 nm 
width) (Lee et al., 1981; Summers and Roberts, 1988) whereas it is negligible for GAC 
containing primarily micropores (<1 nm width) (Pelekani and Snoeyink, 1999; Cheng et al., 
2005). GAC systems are generally used to remove natural organic matter (NOM), pesticides, 
algal toxins, and taste and odour compounds; however, as NOM is generally more abundant, 
it out competes these compounds for adsorption sites on the GAC (Newcombe and Drikas, 
1997) leading to saturation and so requires frequent regeneration or replacement. Microbial 
activity on GAC can extend its adsorption capacity via in situ regeneration of adsorption sites 
through the biodegradation of previously adsorbed NOM (Kim et al., 1997). When GAC has 
an active biofilm it is referred to as BAC. Simultaneous adsorption and biodegradation of 
organic matter during BAC filtration extends several advantages over GAC; the activated 
carbon can be partially regenerated while the carbon bed is in operation (Rodman et al., 1978; 
Rice and Robson, 1982) and more recalcitrant organic matter can be removed by sorption 
onto the biofilm, and then slowly degraded by microorganisms (Rice and Robson, 1982; 
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Carlson and Silverstein, 1998). Simultaneous adsorption and biodegradation of organic matter 
in a single reactor eliminates the need for individual processes resulting in low capital cost 
(Ying and Weber Jr, 1979). Furthermore, as BAC requires less frequent regeneration of the 
carbon, it lowers the energy requirements and operating costs (Ying and Weber Jr, 1979).   
  
BAC treatment after the sequence of coagulation and UVC/H2O2 treatment may improve the 
removal of organics as it can effectively remove the low molecular weight breakdown 
products (Takeuchi et al., 1997). Limited work using BAC as a post-treatment of ROC has 
been carried out (Lu et al., 2013), but no study of the impact of coagulation with and without 
UVC/H2O2 treatment on subsequent BAC treatment has been reported. Therefore, the aim of 
this work was to compare alum, ferric chloride and ferric sulphate for the pre-treatment of 
high salinity ROC for the subsequent UVC/H2O2 and BAC treatment. The BDOC assay was 
performed on some samples to provide a comparison with BAC treatment.             
 
7.2. Characteristics of sample 
 
The characteristics of the ROC sample used in this study are given in Table 7.1. 
 
Table 7.1. Characteristics of ROC 7 
Parameter Value 
DOC (mg/L) 37 
COD (mg/L) 105 
pH 7.7 
Colour (Pt.Co. units) 156 
Chloride (mg/L) 8212 
TDS (mg/L) 17245 
A253.7 (1/cm) 0.65 
SUVA (L/mg.m) 1.75 
Alkalinity (as CaCO3, mg/L) 418 
Conductivity (mS/cm) 23.5 
 
The most effective coagulant dose was verified by conducting coagulation at 1 and 1.5 mM 
metal concentration at pH 5. Little difference for all four water quality parameters was noted 
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between the two dosages (Table 7.2) and therefore 1 mM was selected to be used in further 
experiments based on the removal efficiency and coagulant used.   
 
Table 7.2. Comparison of % reduction of DOC, colour and A253.7 and % UVT increase after 
coagulation with 1 and 1.5 mM metal coagulants 
 
DOC Colour A253.7 %UVT 
Coagulant 1 mM 1.5 mM 1 mM 1.5 mM 1 mM 1.5 mM 1 mM 1.5 mM 
Alum 18 21 65 67 39 42 40 42 
Ferric sulphate 29 35 81 80 55 54 51 50 
Ferric chloride 37 40 80 81 54 59 50 54 
 
 
7.3. Impact of coagulation, UVC/H2O2, and BAC treatment on DOC removal 
7.3.1. UVC/H2O2 treatment with and without biological treatment 
 
BAC treatment was carried out as a stand-alone process and after UVC/3mM H2O2 treatment. 
BDOC analyses were carried out to compare with the results for BAC treatment. Based on the 
previous work in Chapters 4-6, UV fluence of 16×10
3
 mJ/cm
2
 (30 min irradiation) was 
selected with a view to reducing energy consumption. The BAC columns were equilibrated to 
achieve consistent reductions of DOC, colour and A253.7 as mentioned in Section 3.2.21.   
 
The UVC/H2O2 treatment led to a DOC mineralization of 14%. A large reduction of colour 
(86%), A253.7 (61%) and increase in UVT (56%) after stand-alone UVC/H2O2 treatment was 
observed (Table 7.3). The BDOC assay led to a DOC reduction of 10% whereas BAC only 
treatment led to a DOC reduction of 28%. The BDOC assay led to very little (2%) reduction 
of colour, A253.7 and no improvement of UVT (Table 7.3). The reduction of colour after BAC 
treatment was comparable (29%) to that of DOC reduction whereas the reduction of A253.7 
was low (20%) and so was the improvement of UVT, i.e., 31% from an initial value of 22%.  
 
The UVC/H2O2-treated sample was subjected to biological treatment by the use of BDOC 
assay and BAC columns. A comparison of the results for the BAC filter and BDOC assay 
after UVC/H2O2 treatment showed a more than 2-fold reduction of DOC for BAC filtration 
compared with the BDOC assay (Table 7.3). Colour, A253.7 and UVT did not change when 
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BDOC was used post-UVC/H2O2 treatment whereas BAC filtration led to further reduction of 
colour (6%), A253.7 (13%) and improvement of UVT (10%).   
 
Table 7.3. Comparison of % reduction of DOC, colour and A253.7 and % UVT increase after 
various treatments 
 
% reduction % increase 
Treatment DOC Colour A253.7 UVT 
UVC/H2O2 14 86 61 56 
BAC  28 29 20 31 
BDOC 10 2 1 22 
UVC/H2O2+BAC 45 92 74 66 
UVC/H2O2+BDOC 21 87 62 56 
BAC+BDOC 30 28 20 30 
UVC/H2O2+BAC+BDOC 54 92 74 66 
 
7.3.2. Impact of pre-treatment by coagulation on UVC/H2O2 and BAC treatment 
 
Comparison of DOC reduction after various coagulation and oxidation treatments is shown in 
Figure 7.1. Coagulation with alum removed the least DOC compared with ferric chloride and 
ferric sulphate both as stand-alone processes and as pre-treatment to UVC/H2O2 and BAC 
treatment. The reduction of DOC after coagulation with alum, ferric chloride and ferric 
sulphate was 21%, 37% and 31%, increasing to 33%, 48% and 42% after the sequence of 
coagulation and UVC/H2O2 treatment. Hence as in Chapter 6 for ROC 6, coagulation with 
ferric chloride gave a marginally greater reduction of DOC. As mentioned in Chapter 6, flocs 
formed after coagulation by alum and ferric sulphate were weak but when compared with 
alum, those formed after coagulation by ferric sulphate were particularly fragile and poorly 
settled, leading to yellowish colour after UVC/H2O2 treatment.  
  
The reduction of DOC due to the UVC/H2O2 treatment of the pre-treated samples was 
comparable (11-12%) for all three coagulants, and was additive with little difference (up to 
3%) between cumulative reductions after coagulation and UVC/H2O2 treatment.  
 
The reduction of DOC after BAC treatment of the UVC/H2O2 treatment was additive, i.e., it 
was 45% effectively equal to the sum of the reductions for UVC/H2O2 (14%) and BAC (30%) 
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(Table 7.3). BAC treatment of the coagulated samples led to a further 18%, 14% and 18% 
reduction of DOC for alum, ferric chloride and ferric sulphate, respectively.  
 
The difference in the reduction of DOC between coagulated+BAC (10-12%) and 
coagulated+UVC/H2O2 (10-15%) treated ROC was significant between ferric-based and alum 
pre-treated ROC. However, it was less (5-6%) after sequential coagulation, UVC/H2O2 and 
BAC treatment with total reductions of 62%, 68% and 67% for alum and ferric chloride and 
ferric sulphate, respectively. The reduction of DOC was complementary after the sequence of 
alum coagulation, UVC/H2O2 and BAC treatment (62%). However, the reduction of DOC 
was less for both ferric-based coagulants, i.e., 7-12% lower than the sum of DOC reductions 
after individual treatments (68%). Overall, the ferric-based coagulants system performed 
better than aluminium-based one leading to greater total reductions of DOC (Figure 7.1).  
 
 
Figure 7-1. Comparison of DOC reduction after individual and combined treatments (UV 
fluence was  16×10
3
 mJ/cm
2
; coagulant dose, 1 mM and EBCT, 60 min) 
 
Comparison of A253.7 reduction after various treatments is given in Figure 7.2. The reduction 
of A253.7 after UVC/H2O2 was greater (61%) than that after coagulation. Greater and 
comparable reduction was obtained for the ferric-based pre-treated samples (54%) than that 
pre-treated by alum (39%). The reduction of A253.7 was lowest (20%) after BAC treatment 
compared with other individual treatments. UVC/H2O2 treatment of the coagulated samples 
improved the reduction of A253.7 markedly, i.e., 43%, 29% and 30% for alum, ferric chloride 
and ferric sulphate, respectively. However, only small reductions (8-9%) of A253.7 were 
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observed after BAC treatment of the coagulated samples. An appreciable difference (15%) 
between alum and ferric-based coagulants was observed with and without BAC treatment but 
reduced to be negligible when UVC/H2O2 treatment was incorporated in the treatment train 
with total reduction of 85%. A fairly similar trend was observed for colour as shown in 
Appendix 4. 
 
 
Figure 7-2. Comparison of A253.7 reduction after individual and combined treatments (UV 
fluence was  16×10
3
 mJ/cm
2
; coagulant dose, 1 mM and EBCT, 60 min) 
 
Comparison of UVT increase after various treatments is given in Figure 7.3. Raw ROC had a 
low UVT of 22%. Overall, the improvement of UVT followed trends similar to that of colour 
and A253.7 reduction. UVC/H2O2 treatment improved the UVT to 57% which was greater than 
other individual treatments. Alum was the least efficient in improving UVT (40%) whereas 
ferric-based coagulants led to greater and comparable (49-50%) level of UVT improvement. 
BAC treatment led to little improvement (6-9%) compared with other treatments, both as 
stand-alone and after pre-treatment except for alum in which case the improvement was 
greater (14%) after BAC treatment. A further improvement (23-27%) in UVT was observed 
after UVC/H2O2 treatment of the pre-treated samples with only a small difference (≤6%) 
amongst the three coagulants. A marginally greater (5-6%) UVT improvement was observed 
for ferric chloride (85%) than alum (79%) and ferric sulphate (80%) after UVC/H2O2+BAC 
treatment.  
 
128 
 
 
 
Figure 7-3. Comparison of increase in %UVT after individual and combined treatments (UV 
fluence was  16×10
3
 mJ/cm
2
; coagulant dose, 1 mM and EBCT, 60 min) 
 
7.4. Fluorescence EEM spectra volumes after individual and sequential treatments 
Comparison of the fluorescence EEM spectra after individual treatments is given in Appendix 
5 and Appendix 6 provides fluorescence EEM spectra after various combined treatments. As 
shown in Appendix 5, BAC only treatment led to a moderate reduction of fluorescence in all 
regions. The reduction of API, APII and SMPs was 21%, 34% and 26% whereas that of FA-
like and HA-like substances was 17% and 13%, respectively. Alum was the least efficient in 
removing FA-like and HA-like substances with respective removals of 10% and 14%. The 
reduction of HA-like and FA-like matter was similar (23%) for both ferric-based coagulants. 
UVC/H2O2 only treatment led to greater reduction of fluorescence in all regions than other 
individual treatments (Appendix 5). The reduction for HA-like and FA-like matter was 
comparable (73-74%) and so was that of API and SMPs (83%) whereas that of the APII was 
92%. It must be noted that the concentration of APs was significantly lower than other 
fractions, particularly of HA-like and FA-like matter.  
 
Considering the discussion in Chapter 6 regarding the weak flocs formation for ferric sulphate 
coagulation, ferric chloride was selected for further investigation and comparison with alum. 
Alum was selected considering its low cost and non-corrosive nature. However, the presence 
of poorly settled flocs in coagulated water can coat the biofilm, and clog the pores of the 
activated carbon during BAC treatment. Furthermore, ferric chloride has been proposed as the 
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most feasible coagulant to be used for coagulation of water with high ionic strength such as 
seawater (Edzwald and Haarhoff, 2011).  
 
BAC treatment of the UVC/H2O2 treated sample led to small increase in all regions compared 
with stand-alone UVC/H2O2 treatment (Figure 7.4). Compared with stand-alone UVC/H2O2 
treatment, the reduction in all regions was 7-17% greater after UVC/H2O2 treatment of the 
coagulated samples with little difference (up to 6%) between alum and ferric chloride pre-
treated samples. Similar to the BAC treatment of the UVC/H2O2 treated sample without 
coagulation, an increase (up to 50%) in all regions was noted when coagulated+UVC/H2O2 
treated sample was subjected to BAC treatment compared with the sample without BAC 
treatment.  
 
 
 
Figure 7-4. Comparison of EEM volumes of raw and variously treated ROC samples (UV 
fluence was  16×10
3
 mJ/cm
2
; coagulant dose, 1mM and EBCT, 60 min) 
 
7.5. Changes in molecular weight  
 
As for previous samples and supported by the EEM data, humics were the major constituents 
of raw ROC 7, representing 42% of the DOC followed by LMW neutrals (29%), building 
blocks (6%) and biopolymers (2%). LC-OCD chromatograms for the individual treatments 
are compared in Figure 7.5a. Coagulation using ferric chloride removed more biopolymers 
(51%) and humics (63%) than did alum, i.e., 15% and 29%, respectively (Figure 7.5a). The 
reduction of building blocks was however slightly greater for alum (45%) than ferric chloride 
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(36%). Some increase in LMW neutrals was observed for both coagulants (6-10%). Similar 
results were reported in Chapter 6 when alum was used for ROC 6. UVC/H2O2 led to 
breakdown of the humics, leading to increased concentration of low MW components which 
is consistent with previous results. BAC treatment removed biopolymers (27%), and LMW 
compounds (47%) but was ineffective for removing humic-like compounds, whereas some 
increase (20%) in the concentration of building blocks was observed.  
 
Figure 7.5b shows the DOC concentration of various fractions after various combinations of 
various treatments. Combining UVC/H2O2 and BAC treatment showed complementary effect 
for the reduction of humics (47%) and LMW neutrals (56%). A comparison between alum 
and ferric chloride pre-treated ROC after UVC/H2O2 treatment showed greater reduction of 
biopolymers (83%) and humics (46%) for ferric chloride than for alum, i.e., 70% and 27%, 
respectively. The concentration of remaining building blocks and LMW neutrals was fairly 
similar for both coagulants after UVC/H2O2 treatment.  
 
Integrating BAC in the treatment scheme (coagulation+UVC/H2O2) exhibited greater humics 
reduction for the sample pre-treated by ferric chloride (69%) than alum (57%). However, 
biopolymers doubled for alum pre-treated sample whereas it increased only 40% for ferric 
chloride. Treating a fairly similar ROC sample, generation of biopolymers in a BAC column 
after UVC/H2O2 treatment has been reported in a previous study by Lu et al. (2013). The 
removal of building blocks was marginally greater for ferric chloride (52%) than alum (48%) 
whereas the removal of LMW neutrals was marginally greater for the alum (71%) than the 
ferric chloride (65%) pre-treated ROC.  
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Figure 7-5. Comparison of (a) LC-OCD chromatograms after individual treatments, (b) DOC 
concentration of fractions after various combined treatments    
 
7.6. DBP formation after treatment  
 
Determination of the formation of DBPs was carried out for selected samples based on the 
best treatment conditions (UV fluence of 16 ×10
3
 mJ/cm
2
, metal dosage of 1 mM alum/ferric 
chloride) to investigate the potential health risks of treated ROC. As noted in Table 3.1, the 
characteristics of ROC 7 and ROC 8 were fairly similar and a similar trend for DOC 
reduction was observed after treatment (Appendix 7). ROC 8 was therefore used to analyse 
the DBPs. As the presence of ammonia and organic nitrogen in wastewater preferentially 
contribute to the formation of nitrogenous DBPs which were found to be more toxic than the 
(a) 
(b) 
132 
 
regulated carbonaceous DBPs and hence pose a greater health risk (Krasner et al., 2006), the 
nitrogenous DBPs were also determined. Considering NDMA is the predominant nitrosamine 
species and is the only nitrosamine included in the Australian Drinking Water Guidelines 
(ADWG, 2011) and that the other nitrosamines are generally present at lower concentrations, 
about an order magnitude lower than NDMA (Bond et al., 2011), the formation of NDMA 
was investigated after various treatments. The concentrations of THM4 (chloroform, 
bromoform, bromodichloromethane (BDCM) and dibromochloromethane (DBCM)) was 
determined. The measurement of THM formation potential (FP) is a mechanism for 
evaluating the effect of the treatment and potential of residual precursors to form THMs, 
hence the THMFP of individual THM4 and total THMFP was also investigated. 
 
Raw ROC exhibited markedly lower concentration of total THMs than the ADWG guideline 
value of 250 µg/L (ADWG, 2011) and the USEPA guideline value of 80 µg/L (USEPA 
1998). A large reduction in the concentration of individual and total THMs was observed 
after UVC/H2O2 only treatment (Figure 7.6). BDCM and DBCM were present at very low 
concentrations of 1 and 2 µg/L, respectively, whereas the concentration of chloroform and 
bromoform was 7 µg/L in raw ROC. The concentration of bromoform was below the 
detection limit of 1 µg/L after UVC/H2O2 only treatment whereas that of chloroform were 4 
µg/L. However, the concentration of individual and total THMs was below the detection limit 
of 1 µg/L and 4 µg/L, respectively, when BAC treatment was used after the UVC/H2O2 
treatment. Similarly, the concentration of individual and total THMs was below the detection 
limit after coagulation, UVC/H2O2 and BAC treatment (Figure 7.6).      
 
 
 
Figure 7-6. Formation of individual and total THMs after various treatments  
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NDMA concentration in raw ROC was 43 ng/L which is well below the Australian Drinking 
Water Guidelines of 100 ng/L (ADWG, 2011) and it reduced to 6 ng/L after stand-alone 
UVC/H2O2 treatment (Figure 7.7). Similarly, the concentration of NDMA was markedly 
lower after UVC/H2O2 followed by BAC treatment with and without coagulation pre-
treatment. A small increase in the concentration of NDMA was noted when BAC was used 
after UVC/H2O2 treatment with and without coagulation which may be attributed to analytical 
error.    
 
 
 
Figure 7-7. Concentration of NDMA after various treatments 
 
An increase in the formation potential of bromoform, DBCM and total THMs was noted after 
UVC/H2O2+BAC treatment whereas some decrease was noted when coagulation (using alum) 
was used as pre-treatment (Figure 7.8). These results are consistent with Liu et al. (2012) who 
reported similar results for UVC/H2O2 treatment of ROC, where prolonged irradiation led to a 
reduction of THMFP to the original level.  
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Figure 7-8. Formation potential of individual and total THMs after various treatments  
 
A number of DBP species representing major haloacetonitriles (HANs), haloaldehydes, 
halopicrins, and haloketones were investigated after the overall treatment for alum and ferric 
chloride pre-treated samples. The concentration of all these DBPs was below the detection 
limit in raw ROC and no formation was observed after treatment (Table 7.4).  
   
Table 7.4. Concentration of various DBPs in raw and treated ROC 
 
Concentration (μg/L) 
DBP species LOR Raw *Al+UV/H2O2+BAC *Fe+UV/H2O2+BAC 
trichloroacetonitrile 1 <1 <1 <1 
dichloroacetonitrile 1 <1 <1 <1 
bromochloroacetonitrile 1 <1 <1 <1 
dibromoacetonitrile 1 <1 <1 <1 
chloral hydrate 1 <1 <1 <1 
chloropicrin 1 <1 <1 <1 
1,1-dichloropropan-2-one 1 <1 <1 <1 
1,1,1-trichloropropan-2-one 1 <1 <1 <1 
1,3-dichloropropan-2-one 1 <1 <1 <1 
1,1,3-trichloropropan-2-one 1 <1 <1 <1 
*Al refers to alum, Fe refers to ferric chloride 
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7.7. Ecotoxicity 
As partial oxidation of organic matter during UVC/H2O2 treatment could lead to the 
formation of toxic by-products, ecotoxicity assessment using ROC 8 was made after 
UVC/H2O2 with and without BAC treatment and after sequential coagulation, UVC/H2O2 and 
BAC treatment. Microtox
®
 assay indicated that the raw ROC was non-toxic, however it 
showed toxicity (EC50 value of 13%) after stand-alone UVC/H2O2 treatment (UV fluence of 
16 ×10
3
 mJ/cm
2
). However, no toxicity was noted after BAC treatment of the UVC/H2O2 
treated ROC indicating the removal of toxic by-products formed during stand-alone 
UVC/H2O2 treatment. Similarly, no toxicity was noted after sequential coagulation (using 
alum and ferric chloride), UVC/H2O2 and BAC treatment. 
 
7.8. Discussion  
 
BAC treatment of the raw ROC led to almost 3-fold greater DOC reduction than the BDOC 
assay which was attributed to the biodegradation of slowly biodegradable organic matter in 
addition to adsorption of organic matter during BAC treatment. Although BDOC assay is 
widely used as a method of estimating the biodegradable fraction of organic matter in water 
and wastewater, it tends to underestimate the biodegradable fraction that can be removed 
during biological treatment. Although the two ferric-based coagulants gave greater DOC 
reductions as stand-alone treatment and with BAC or UVC/H2O2 treatment, final reductions, 
i.e., after the sequence of coagulation, UVC/H2O2 and BAC treatment, were only marginally 
greater for the ferric-based coagulants (67-68% cf. 62% for alum). This was due to the greater 
proportional reduction after UVC/H2O2+BAC treatment of the alum pre-treated sample than 
ferric-based ones. As the concentration of remaining organic matter was larger for alum than 
for ferric-based coagulated samples, subsequent UVC/H2O2 treatment led to proportionally 
greater generation of biodegradable organic matter that was effectively removed during 
downstream BAC treatment.   
 
The yellowish colour after UVC/H2O2 treatment of the ferric sulphate coagulated sample was 
likely due to the breakdown and release of ferric ion by small flocs that did not settle 
completely due to their fragile nature as also noted in Chapter 6.    
 
Greater reduction of colour after UVC/H2O2 treatment of alum pre-treated ROC than ferric-
based coagulants was due to the higher concentration of the remaining coloured molecules 
after alum pre-treatment. As humic-like compounds are generally considered to be non-
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biodegradable by bacteria, the role of biodegradation appears to be dominant leading to large 
removal of biodegradable LMW compounds after BAC only treatment (Figure 7.5a). 
Although the reduction of A253.7 was lower for alum than ferric-based coagulants with and 
without BAC treatment, the difference reduced to ˂2% when UVC/H2O2 treatment step was 
incorporated.  
 
Low reductions of fluorescence in all regions after BAC treatment and high reductions after 
UVC/H2O2 treatment were consistent with those of colour, A253.7 and increase in UVT. 
Similarly, lower reductions of FA-like and HA-like substances for alum than ferric chloride 
were consistent with the reductions of DOC, colour, A253.7 and increase in UVT. An increase 
in fluorescence in all regions when UVC/H2O2 treatment preceded BAC treatment with or 
without coagulation was noted, the cause of which is not clear and requires further 
investigation. One possible explanation could be the generation of humic-like matter in the 
BAC column similar to the generation of biopolymers as mentioned in Section 7.6.    
 
LC-OCD results confirmed that ferric chloride removed a greater proportion of humic-like 
matter and LMW acids than alum. Enhanced reduction of organic matter after sequential 
coagulation and UVC/H2O2 treatment of ROC was attributed to the enhanced breakdown of 
humic-like matter after UVC/H2O2 treatment of the coagulated ROC. BAC treatment mainly 
removed LMW compounds and these results were in agreement with low A253.7 but high 
reduction of DOC after BAC treatment implying that biodegradation was the predominant 
mechanism during BAC treatment.   
 
Similar to the results for ROC samples used in Chapters 5 and 6, coagulation predominantly 
removed humic-like matter, leading to a significant increase in the UVT and enhanced 
breakdown of some of the remaining large MW organic matter to LMW biodegradable 
products during UVC/H2O2 treatment which were then removed by the BAC treatment. The 
target residual DOC of 15 mg/L was only achieved after the sequence of coagulation, 
UVC/H2O2 and BAC treatment, with ferric-based coagulants giving marginally greater 
reduction than alum.     
 
The UVC/H2O2 treatment led to the partial oxidation of THM precursors (humic-like matter) 
as indicated by a large decrease in the concentration of individual and total THMs. The 
removal of partially oxidised organic matter after biological treatment led to further reduction 
in individual and total THMs so that they were below the detection limit after the sequence of 
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UVC/H2O2 and BAC treatment. However an increase in the THMFP was noted which was 
attributed to the insertion of phenol groups in the aromatic structures of organic matter as a 
result of partial oxidation, which increased the reactivity of such compounds with chlorine 
(Kleiser and Frimmel, 2000). Kleiser and Frimmel reported an increase of 20% in the 
formation potential of THMs after UV/H2O2 treatment of surface water. Similarly, an increase 
of THMFP was reported following UV-based treatments of surface water by Thomson et al. 
(2004) and Buchanan et al. (2008). However, increasing the UV dose led to reduction of 
THMFP indicating the loss of THM precursors. The reduction in the NDMA concentration 
after UVC/H2O2 treatment is in agreement with literature reporting high efficiency of 
UVC/H2O2 treatment in reducing the concentration NDMA (Mitch et al., 2003) which is due 
to the oxidation of organic compounds with dimethylamine or trimethylamine groups (Lee et 
al., 2007). Other DBPs (HANs, haloaldehydes, halopicrins, and haloketones) were analysed 
as they are potentially more toxic than regulated DBPs. They were all below the detection 
limit for both raw and treated ROC.  
 
Increase in ecotoxicity after stand-alone UVC/H2O2 treatment was not in agreement with the 
earlier findings of Liu et al. (2012) who reported no toxicity after 30 min UVC/H2O2 
treatment (UV fluence of 23 ×10
3
 mJ/cm
2
) of ROC prepared using a laboratory rig. This 
difference could be attributed to the lower UV fluence, different nature of the organic content 
and the presence of antiscalant and biocide in the ROC sample used in this study that could 
have broken down to more toxic by-products. Downstream BAC treatment is therefore useful 
not only in terms of enhanced organic content removal, but also in removing potentially toxic 
by-products formed during UVC/H2O2 treatment.  
 
7.9. Reduction in EED by integrating pre- and post-treatment with the UVC/H2O2 
process 
 
As expected, the EED value to obtain a target residual DOC of 15 mg/L (60% reduction) was 
high for stand-alone UVC/H2O2 treatment due to low DOC mineralization (Figure 7.9). Using 
BAC after UVC/H2O2 treatment decreased the EED 4-fold whereas a more than 3-fold 
increase in DOC reduction was observed. Using coagulation pre-treatment reduced the EED 
markedly (almost 3-fold) for alum and 4-fold for ferric chloride with a corresponding increase 
in DOC reductions. Similarly, the largest decrease (6.5-8-fold) in EED occurred when both 
coagulation and BAC treatments were used to obtain DOC reductions almost 4-fold greater 
than stand-alone UVC/H2O2 treatment.  
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Figure 7-9. EED and corresponding DOC reduction for each treatment (line represents the 
target residual DOC) 
 
7.10. Conclusions 
The sequence of coagulation, UVC/H2O2 and BAC treatment is proposed as a potential 
treatment for the removal of organic matter from high salinity municipal ROC. Removal of 
humic-like matter by coagulation facilitated subsequent UVC/H2O2 treatment of some of the 
remaining large MW compounds to generate LMW compounds that were readily removed by 
downstream BAC treatment. The sequential treatment consisting of coagulation, UVC/H2O2 
and BAC exceeded the target residual DOC of 15 mg/L (14 mg/L for alum cf. 12 mg/L for 
ferric-based coagulants). Ferric chloride removed more than twice the humic-like matter than 
alum leading to a large difference after coagulation and coagulation+UVC/H2O2 treatment. 
However, total DOC reduction after BAC treatment was only marginally greater (6%) for 
ferric chloride. Considering the corrosive nature of ferric chloride and its higher cost, alum 
may be the coagulant of choice. However, the flocs formed after coagulation by alum and 
ferric sulphate were weak and the use of a flocculant may be needed to enhance settling if 
these are used.   
 
A reduction in the formation of THMs and NDMA was observed after UVC/H2O2 treatment 
but some increase in the formation potential of bromoform, DBCM and total THMs was 
noted after UVC/H2O2+BAC treatment whereas some decrease was noted when coagulation 
(using alum) was used as pre-treatment. Other DBPs, representing major HANs, 
haloaldehydes, halopicrins, and haloketones were below the detection limit in raw and treated 
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ROC. Some increase in the ecotoxicity was observed after UVC/H2O2 treatment but it was 
removed after UVC/H2O2+BAC treatment with and without coagulation.       
 
The potential of alternative UV sources is increasingly being emphasized with regard to the 
negative environmental impacts of the use of mercury in conventional UVC lamps and their 
high energy requirements. The potential of UVC-LEDs for the treatment of ROC was 
investigated in Chapter 8.         
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Chapter 8. Treatment of municipal wastewater reverse osmosis 
concentrate using UV-LED/H2O2 with and without coagulation pre-
treatment 
 
As described in Chapter 2, UV-LEDs are the most promising emerging sources of UV 
radiation. Applications of UV-LEDs include water disinfection (Würtele et al., 2011) and 
degradation of single organic compounds such as phenol (Jamali et al., 2013), formaldehyde 
(Shie et al., 2008), methylene blue (Tayade et al., 2009), metaldehyde (Autin et al., 2013) and 
reactive red 22 dye (Wang and Ku, 2006). Although successfully used for disinfection of 
water and degradation of individual organic compounds, the potential of UV-LEDs for 
treating real wastewater is yet to be reported. Furthermore, most of the foregoing studies used 
high wavelength UV-LEDs (>360 nm) except some (Autin et al., 2013; Vilhunen et al., 2011) 
that used deep UVC-LEDs (255-290 nm).  
 
8.1. Introduction 
 
The potential of a prototype batch reactor using ultraviolet light emitting diodes (UV-LEDs) 
which emit at 255 nm in conjunction with H2O2 was investigated for the degradation of the 
organic content of the municipal wastewater ROC and its removal after subsequent biological 
treatment. The removal of organic content by this sequence was compared with that for 
coagulation (alum), and for when coagulation was used as a pre-treatment to the UVC/H2O2 
process (using UV-LEDs) and BDOC (as biotreatment) to produce a target residual DOC 
concentration of 15 mg/L. BAC treatment was not included in this section due to volume 
considerations.   
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8.2. Characterization of ROC 
The characteristics of the ROC sample used are given in Table 8.1.  
 
Table 8.1 Characteristics of ROC 5 
Parameter Value 
DOC (mg/L) 32-37.5 
COD (mg/L) 105 
pH 8.3 
Colour (Pt.Co. units) 158 
Chloride (mg/L) 8060 
TDS (mg/L) 16,140 
A253.7 (1/cm) 0.68 
SUVA (L/mg.m) 1.8 
Alkalinity (as CaCO3, mg/L) 410 
Conductivity (mS/cm) 22.3 
 
 
8.3. Effect of H2O2 dose 
Three doses of H2O2 were selected to find the best dose for this system. The reduction of 
DOC was greater (3-7%) for 3 mM than for 2 mM whereas increasing the dose to 6 mM did 
not lead to large difference in the reduction of DOC (2%) (Figure 8.1). The reduction of 
colour and A253.7 was not markedly different between 2 and 3 mM and increasing the dose to 
6 mM led to a only marginal increase (2-4%). Considering these results, 3 mM was chosen 
for subsequent experiments. Furthermore, the same dose was the optimum for conventional 
UV reactor and therefore the dose of choice for preliminary comparison between the two 
systems. 
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Figure 8-1. Effect of H2O2 dose on UV-LED/H2O2 treatment 
 
8.4. Treatment efficiency of UVC/H2O2 and the effect of pH 
 
Treatment of ROC 8 was carried out at the original pH of 8.3 and at pH 7, 5 and 4 to compare 
the treatment efficiency in terms of DOC, colour, A253.7 and SUVA. For UV fluence of 48 × 
10
3
 mJ/cm
2
 (96 h exposure) at the original pH, the reduction of DOC was 22%, and 
reductions in colour and A253.7 were 94% and 75%, respectively. Little difference in the 
reduction of DOC was observed at pH 7 and 8.3 (Figure 8.2a).  
 
Given the low intensity of UV irradiation of the UV-LEDs, the production of hydroxyl 
radicals was expected to be low. One way of improving the system is to minimize the 
concentration of the HO
•
 scavengers (HCO3
-
/CO3
2-
) by lowering the pH. Reducing the pH to 
5 resulted in a greater reduction of DOC, i.e., 36% for UV fluence of 48 × 10
3
 mJ/cm
2
; a 
marginally greater reduction of DOC was obtained at pH 4 (Figure 8.2a). The reduction of 
colour was greater and faster at pH 4 than all other pH values, however the final reductions 
were comparable (Figure 8.2b). This comparable reduction of colour (93-97%) at all pH 
values demonstrates that the disintegration of chromophore bonds was little influenced by 
alkalinity. Consistent with the trend for colour, the reduction of A253.7 was greater under 
(a) (b) 
(c) 
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acidic conditions and although more rapid at pH 4 than pH 5, final reductions were fairly 
similar (80-84%) (Figure 8.2c). Little difference in the reduction of colour and A253.7 was 
noted for pH 7 and pH 8.3 at all UV fluence values. The trends for SUVA (decreased from 
1.8 to 0.5-0.8 after UV fluence of 48 × 10
3
 mJ/cm
2
) were expected given those for DOC and 
A253.7, indicating the loss of aromatic structures but incomplete disintegration of the 
molecules and hence low mineralization. The high reductions of colour and A253.7, and 
corresponding low reduction of DOC, were attributed to the partial breakdown of large 
molecules (humic-like compounds) to low MW and/or non-coloured compounds and were 
consistent with the findings using the conventional UVC lamp system (Chapters 5 and 6). It 
should be noted that adequate H2O2 was present for UV fluence of 48 × 10
3
 mJ/cm
2
 (residual 
H2O2 >25 mg/L, i.e., 0.73 mM) to ensure continuous generation of HO
•
, sufficient to partially 
oxidize the organic content but was not enough to bring about major molecular changes or 
mineralize the humic-like compounds, leaving major fragments or the bulk of the original 
molecules intact. As there was little difference in the results for pH 4 and pH 5, pH 5 was 
selected for use in further experiments. A control test was performed in the absence of 
irradiation, i.e., 3 mM H2O2 was added to ROC at pH 5; some reduction of colour (5%) but no 
reduction of DOC or A253.7 was observed over 96 h period.  
 
 
 
 
 
Figure 8-2. (a) DOC, (b) colour and (c) A253.7, reduction at various pH values and UV 
fluences 
(a) (b) 
(c) 
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8.5. Effect of alum coagulation on the UVC/H2O2 treatment 
 
The effect of alum pre-treatment was investigated with a view to improving the overall 
reduction of organic matter by comparing the treatment efficiency with and without 
coagulation at various irradiation times. Based on the results obtained in Chapter 6, 
coagulation was carried out at pH 5 using 1.5 and 3 mM Al
3+
. Coagulation removed a 
significant proportion of the DOC, i.e., 34% and 38% at 1.5 mM and 3 mM Al
3+
, 
respectively, (Figure 8.3a). The reduction of colour and A253.7 was 50% and 47% at 1.5 mM 
Al
3+
, increasing to 66% and 54%, respectively, at 3 mM Al
3+
. 
  
Reduction of DOC after coagulation at both Al
3+
 dosages was steady with increasing UV 
irradiation with an overall reduction of 61-62% for UV fluence of 48 × 10
3
 mJ/cm
2 
, i.e., 25-
28% greater than after UVC/H2O2 only treatment. The reduction of DOC between 72 h (36 × 
10
3
 mJ/cm
2
) and 96 h (48 × 10
3
 mJ/cm
2
) irradiation of the 1.5 mM Al
3+
 pre-treated sample 
was the greatest for any 24 h irradiation period for the two experimental runs (Figure 8.3a). 
Hence the effect of prolonged irradiation of the sample pre-treated with 1.5 mM Al
3+
 was 
investigated. However, increasing the irradiation time to 182 h (91 × 10
3
 mJ/cm
2
) led to only 
an additional 5% reduction of DOC, showing little benefit of doubling the irradiation time; 
this decreased impact was attributed to the recalcitrant nature of the remaining organic 
content.  
 
A large reduction of colour (Figure 8.3b) and A253.7 (Figure 8.3c) was noted during all 
treatments. Coagulation improved the reduction of colour and A253.7, and the pre-treatment 
with the higher alum concentration showed greater reductions for UV fluence of 12 × 10
3
 
mJ/cm
2
, but this difference gradually reduced with increasing UV fluence to give comparable 
final reductions after UV fluence of 48 × 10
3
 mJ/cm
2
. Similarly, a small difference (11%) in 
the SUVA was observed after the two alum doses but it reduced on irradiation of the sample 
and comparable values (0.51-0.53) were obtained after UV fluence of 36 × 10
3
 mJ/cm
2
. 
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Figure 8-3. Comparison of (a) DOC, (b) colour, and (c) A253.7 reduction on irradiation with 
and without coagulation 
 
8.6. Fluorescence excitation-emission (EEM) matrix spectra 
 
Comparison of the fluorescence EEM spectra volumes after various irradiation times is given 
in Figure 8.4a (Appendix 8 provides the fluorescence EEM spectra). A gradual decrease in all 
the regions was observed. The reduction of aromatic proteins was fairly similar at both pH 
values for UV fluence of 48 × 10
3
 mJ/cm
2
 whereas the reduction of HA-like (74%), FA-like 
(68%) and SMPs (88%) was marginally greater at pH 5 than at pH 8.3, i.e., 67%, 61% and 
83%, respectively, which was consistent with the reductions in colour, A253.7 and SUVA. 
 
Although large reductions of DOC (34%), colour (50%) and A253.7 (47%) occurred after 
coagulation, an increase in the fluorescence EEM volumes in most of the fractions was 
observed (Figure 8.4b). These were attributed to complexes formed between anionic humic 
and cationic coagulant species at low pH as discussed in Chapter 5. However, faster and 
greater reductions in all the regions were observed when the pre-treated sample was subjected 
to UV-LED/H2O2 treatment which was consistent with the reductions in colour, A253.7 and 
SUVA. For example, the reduction in the fluorescence of the HA-like and FA-like 
(a) 
(c) 
(b) 
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compounds was markedly greater after coagulation, i.e., 35-44% without pre-treatment 
compared with 88-85% after pre-treatment for UV fluence of 36 × 10
3
 mJ/cm
2
, respectively. 
Although this difference reduced with increasing fluence to 48 × 10
3
 mJ/cm
2
, it was still 
larger, i.e., 22-28% than for stand-alone UVC/H2O2 treatment. 
 
 
 
Figure 8-4. EEM volumes of (a) raw and UVC/H2O2 treated ROC without and (b) with pre-
treatment (1.5 mM Al
3+
) 
 
8.7. Changes in molecular weight 
 
Coagulation removed a large proportion (55%) of the humic substances, which tend to be 
hydrophobic high molecular weight compounds, followed by building blocks (34%). The 
concentration of biopolymers was very low compared with the other fractions with some 
reduction (23%) after coagulation, but no impact on LMW neutrals was observed (Figure 
8.5). Increasing irradiation without pre-treatment led to increasing reduction of humics with 
corresponding increase in the concentration of building blocks and LMW neutrals. For 
example, the reduction of humics was 26% for UV fluence of 12 × 10
3
 mJ/cm
2
 and increased 
to 58% when UV fluence was increased to 36 × 10
3
 mJ/cm
2
. The reduction of biopolymers 
was low and little influenced by increasing UV fluence, i.e., 11% after 12 × 10
3
 mJ/cm
2
 cf. 
15% after 36 × 10
3
 mJ/cm
2
. The reduction of biopolymers (42%) and humics (78%) was 
greater for the coagulated ROC treated by 72 h UV-LED/H2O2 than stand-alone coagulation 
or UV-LED/H2O2 treatment. Consistent with the UVC lamp system, coagulation followed by 
UV-LED/H2O2 treatment exhibited a complementary effect for the reduction of humics. 
However, a net increase in building blocks and effectively no net change in LMW neutrals 
was observed contrary to their decrease after exposure to the conventional UV lamp system.    
 
(a) (b) 
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Figure 8-5. DOC concentration of various fractions according to LC-OCD after various 
treatments 
 
8.8. Effect on biodegradability 
 
The generation of LMW compounds during UVC/H2O2 treatment using a standard UVC lamp 
was reported in Chapters 5-7. As seen in these Chapters, these LMW compounds are 
amenable to removal by downstream biological treatment. The biodegradability of the ROC 
was more than doubled after exposure to a UV fluence of 36 × 10
3
 mJ/cm
2
 (Table 8.2). As 
observed previously, the biodegradability decreased after coagulation indicating some 
biodegradable matter was removed by this process. A greater than 4-fold increase in 
biodegradability was observed when the coagulated ROC was treated by UV-LED/H2O2 (36 
× 10
3
 mJ/cm
2
)
 
leading to a residual DOC of 11 mg/L after biological treatment (as BDOC 
assay), corresponding to an overall reduction of 67%. As shown for the standard UVC lamp 
system, the improvement in biodegradability after UV-LED/H2O2 treatment with and without 
pre-treatment demonstrates the potential for DOC removal by a subsequent biological process 
contributing to overall DOC reduction.  
 
Table 8.2. Biodegradability after various treatments
*
 
Treatment Biodegradability (%) 
BDOC 7 
Al+BDOC 4 
UV/H2O2+BDOC 16 
Al+UV/H2O2+BDOC 33 
 
*
Al refers to coagulation by alum; UV fluence was 36 × 10
3
 mJ/cm
2 
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8.9. Discussion 
Similar to conventional UVC/H2O2 treatment, radiation from UVC-LEDs generated oxidising 
hydroxyl radicals (HO
•
) in the presence of H2O2 which attacked organic molecules such as 
humic-like compounds in a non-specific manner, breaking them down to lower MW 
intermediates and compounds such as carboxylic acids and aldehydes and eventually 
converting some of them to carbon dioxide. The DOC was further reduced by 13% due to the 
removal of the biodegradable compounds by agency of the BDOC assay after the UV-
LED/H2O2 treatment (Figure 8.6).  
 
 
 
Figure 8-6. Reduction of DOC after various treatments with and without biodegradability 
assay (Al refers to alum, UVH refers to UV-LED/H2O2 treatment) 
 
As demonstrated in earlier chapters, coagulation is an effective pre-treatment for the high 
salinity ROC as it removed a large proportion of the humics which corresponded with the 
decrease in DOC, colour, A253.7 and fluorescence.  
 
DOC removal by coagulation at 3 mM Al
3+
 was only slightly better than at 1.5 mM Al
3+
 
(33% cf. 38%), hence the latter was considered the most effective in terms of DOC removed 
for alum dosed and so used for the subsequent experiments. Coagulation with alum decreased 
the humics to a level similar to that after 72 h UV-LED/H2O2 treatment, and decreased the 
level of building blocks, but had no impact on the LMW neutrals. Although the reduction of 
humics was comparable after the stand-alone coagulation and UV-LED/H2O2 treatments, the 
greater reduction of colour and A253.7 after UV-LED/H2O2 treatment was attributed to the loss 
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of chromophores (some of which would also be fluorophores) through breakdown of the 
humic-like compounds compared with their removal by coagulation. There was little further 
reduction of DOC (5%) after biological treatment of the coagulated ROC (Table 8.3).    
 
Coagulation with 1.5 mM Al
3+
 followed by UV-LED/H2O2 treatment led to greater organic 
matter removal (52%) than by coagulation alone with 1.5 mM Al
3+
 (33%). There was a 
complementary effect for the sequential process as shown by the markedly greater reduction 
of humic substances (Figure 8.5) which corresponded with colour, A253.7, fluorescence and 
DOC reductions, however, a net increase in building blocks and no change in LMW neutrals 
was observed (Figure 8.5). Biological treatment (as BDOC assay) removed many of those 
smaller MW compounds as indicated by the improved total organic content removal of 67%. 
As discussed in Chapter 6, coagulation improves UVT, leading to improved UV penetration 
and enhanced breakdown of the remaining organic content and therefore greater generation of 
the biodegradable lower MW compounds. Thus when coagulation is used as a pre-treatment, 
enhanced reduction of the organic content can be achieved using UV-LED/H2O2 followed by 
biological treatment (as BDOC assay) as demonstrated in this study, the enhancement was 
due to the complementary effect of the treatments which led to the removal of a wide range of 
organic compounds.  
 
8.10. Estimation of EED 
 
The EED was calculated for a target DOC residual of 15 mg/L (Figure 8.7). The EED needed 
to achieve the desired residual was high (48 kWh/m
3
) using UV-LED/H2O2 only treatment 
but was reduced by 23% after biological treatment (as BDOC assay). Pre-treatment by 
coagulation led to a markedly lower EED which was further reduced after biological 
treatment, an overall decrease of 87% compared with stand-alone UVC/H2O2 treatment. The 
EED was 86% lower than for UVC/H2O2 treatment using a conventional UV lamp during 
treatment of ROC of comparable initial DOC concentration (Chapter 6). As noted earlier, the 
UVC-LEDs used in this study had a typical output peak at 260 nm whereas the relationship 
between molecular extinction coefficient and wavelength shows maximum molecular 
extinction coefficient (19.6 L/mol/cm) at 253.7 nm which decreases with increase in 
wavelength, as shown in Appendix 9. Increase in wavelength can therefore lead to less 
generation of HO
• 
and oxidation efficiency thereby increasing the energy requirements. 
Hence, the EED can be further reduced by using lower wavelength (250 nm or even lower) 
UV-LEDs as they beocome available and more cost effective.      
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Figure 8-7. Comparison of EED for different treatments for a residual DOC of 15 mg/L 
 
8.11. Conclusions 
 
The potential of the UVC/H2O2 process using UVC-LEDs of (255-265 nm) for the 
degradation of the organic content of ROC was demonstrated. Greater reductions of DOC, 
colour, A253.7 and SUVA were obtained by reducing the pH to 5 during UV-LED/H2O2 only 
treatment. Coagulation using alum at pH 5 removed a significant proportion of the organic 
matter (34-38%) and led to enhanced overall reduction after UV-LED/H2O2 treatment. The 
UV-LED/H2O2 treatment increased the biodegradability, and using biological treatment (as 
BDOC assay) after the sequence of coagulation and UV-LED/H2O2 treatment (UV fluence 36 
× 10
3
 mJ/cm
2
) led to an overall DOC reduction of 67%, in this case resulting in a residual 
DOC of less (11.5 mg/L) than the target (15 mg/L), demonstrating the effectiveness of the 
proposed treatment scheme. Although the low power output of the UV-LEDs and high cost 
are the main limitations for their application in water and wastewater treatment, the ongoing 
developments in this technology, combined with improved reactor design, are expected to 
improve the viability of their use.   
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Chapter 9. Conclusions and Recommendations 
 
9.1. Conclusions 
 
An investigation into the effectiveness of UVC/H2O2 treatment for the degradation of organic 
matter of high salinity ROC was carried out using a conventional UVC lamp reactor and a 
novel prototype UVC-LED system. Coagulation as pre-treatment and biological treatment as 
post-treatment for the UVC/H2O2 process was carried out with a view to enhancing the 
removal of DOC, COD, colour and A253.7 and improving the energy efficiency of the process. 
Changes in the fluorescence EEM spectra, apparent molecular weight and biodegradability 
were also monitored after each treatment to investigate the impact of various treatments on 
the different fractions of organic matter.  
 
UVC/H2O2 as a stand-alone treatment effectively broke down the organic matter as indicated 
by the large reductions in colour and A253.7 that increased with increasing UV fluence (up to 
32 × 10
3
 mJ/cm
2
). The resulting reduction of DOC and COD was however low compared 
with colour and A253.7 reductions demonstrating partial oxidation of the organic matter. The 
loss of colour and A253.7 correlated well with the decrease of high molecular weight (humic-
like) compounds, and a concurrent increase in the concentration of low MW compounds was 
observed as demonstrated by LC-OCD analysis and increase in biodegradability. Using the 
BDOC assay after the UVC/H2O2 process led to the removal of LMW compounds enhancing 
the total reductions of DOC.  
     
Both coagulation and UVC/H2O2 treatment preferentially targeted humic-like matter resulting 
in slow rates of organic matter reduction during UVC/H2O2 treatment of the pre-treated 
samples. The kinetics of the reduction of DOC, COD colour and A253.7 followed a pseudo 
first-order reaction for the first 30 min of UVC/H2O2 only treatment. The improvement in 
biodegradability was greater (2-3-fold) after UVC/H2O2 treatment of the pre-treated samples 
than without pre-treatment.  
 
Ferric-based coagulants (ferric sulphate and ferric chloride) removed a greater proportion of 
the humic-like matter than alum whereas ACH was the least efficient. Taking into account the 
reduction of organic matter and chemical usage, 1 mM metal dose at pH 5 was considered the 
best for alum and ferric-based coagulants. Coagulation resulted in some increase in the 
fluorescence response due to the complexation between cationic metal and anionic organic 
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matter. This interaction was weak as demonstrated by the enhanced reduction of fluorescence 
after coagulation+UVC/H2O2 treatment compared with stand-alone UVC/H2O2 treatment. 
Ferric-based coagulants led to significant reduction of the UV fluence required and the target 
residual DOC of 15 mg/L was achieved after delivering a UV fluence of 11 × 10
3
 mJ/cm
2
 
followed by downstream BDOC treatment for both ferric-based pre-treated samples whereas 
alum pre-treated ROC
 
required greater UV fluence (>16 × 10
3
 mJ/cm
2
) for a comparable 
DOC residual. Enhanced reduction of organic matter was obtained when UVC/H2O2 was 
integrated with coagulation as pre-treatment and BDOC assay as post-treatment 
demonstrating the complementary reduction of organic matter. The resultant benefit in terms 
of the reduction of EED was large (70%-87%) demonstrating the effectiveness of sequential 
treatment.    
     
Biological activated carbon (BAC) treatment effectively removed low MW compounds, as 
shown by the LC-OCD analysis, indicating that biodegradation of organic matter was the 
predominant mechanism. BAC treatment showed markedly greater reduction of DOC than the 
BDOC assay. Although ferric-based coagulants were generally better than alum both as 
individual and pre-treatment for the 30 min UVC/H2O2 (UV fluence of 16 × 10
3
 mJ/cm
2
) and 
BAC treatment, total DOC reductions were only marginally different. Considering the flocs 
formed were weak after coagulation by alum and ferric sulphate needing long settling times 
and/or use of flocculant aid for enhanced settling, and ferric chloride is expensive and 
corrosive in nature, a trade-off has to be made depending on the desired treatment objectives. 
The reduction of DOC was complementary for the sequence of coagulation, UVC/H2O2 and 
BAC treatment. Hence sequential coagulation, UVC/H2O2 and BAC treatment was suggested 
as a potential treatment scheme for the treatment of the ROC under investigation.   
 
Similar to the conventional UVC lamp system, the prototype UVC-LED system led to the 
breakdown of the large MW organics to more biodegradable low MW organic compounds as 
indicated by a 4-fold increase in biodegradability for UV fluence of 36×10
3 
mJ/cm
2
 after alum 
coagulation as pre-treatment. The efficiency of the UVC-LED system in degrading the 
organic matter of ROC was enhanced at low pH (pH 5) and little difference was noted 
between pH 4 and 5. An assessment of the EED showed that UVC-LED system had 
significantly lower (86%) energy requirements than the conventional UVC lamp system 
despite the fact that UVC-LEDs emitted at a higher wavelength. The energy requirement 
could be further reduced by using narrower wavelength UVC-LEDs.     
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Overall, coagulation effectively removed a proportion of the humic-like matter from the high 
salinity ROC, both UVC/H2O2 treatments preferentially broke down the conjugated bonds and 
aromatic rings (as indicated by  the large reductions of A253.7 and fluorescence) to generate 
LMW by-products that were more biodegradable than the parent compounds and were 
effectively removed by downstream biological treatment. Enhanced reduction of organic 
matter by integrating coagulation as pre-treatment and biological treatment as post-treatment 
to the UVC/H2O2 process led to achieving the target residual DOC of 15 mg/L and at the 
same time reduced the energy requirements. 
 
A correlation between humic-like content and the efficiency of UVC/H2O2 treatment (UV 
fluence of 16 ×10
3 
mJ/cm
2
) was evident with greater mineralisation observed for samples with 
high content of humic-like matter, i.e., the concentration of humic-like matter was ROC 5 > 
ROC 2 > ROC 4 > ROC 6 > ROC 7 and the reduction of DOC followed the same trend. The 
effectiveness of coagulation was dependent on the content of both humic-like matter and 
LMW neutrals, with greater reduction of DOC occurring for samples with high initial humic-
like matter and low LMW compounds.  
 
The differences in the trend as well as extent of reduction of organic matter for various ROC 
samples were attributed to the differences in the nature of and/or initial concentration of the 
organic matter. The differences in the nature of the organic matter for different ROC samples 
is exemplified in Appendix 10. However, the proposed sequential treatment can be used to 
achieve a DOC residual of 15 mg/L after delivering a UV fluence of 11-16 ×10
3 
mJ/cm
2 
for 
high salinity ROC samples of various organic and inorganic characteristics.       
 
The preliminary results from this study suggested that the UVC/H2O2 and biological 
treatment effectively reduced the formation of a range of DBPs, indicating the effectiveness 
of these treatments in removing the DBP precursors in high salinity ROC. Some increase in 
the formation potential of bromoform, DBCM and total THMs was noted after 
UVC/H2O2+BAC treatment. However, a decrease in the formation potential occurred when 
coagulation (using alum) was used as pre-treatment but it was still greater than the raw ROC. 
The final concentration of DBPs compared favourably with the Australian Drinking Water 
and United States Environmental Protection Agency Guidelines and the treated ROC was 
deemed safe for reuse or discharge to the environment. Although some increase in the 
ecotoxicity, as measured by Microtox, was observed after UVC/H2O2 stand-alone treatment, 
it was removed after UVC/H2O2+BAC treatment with and without coagulation.       
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9.2. Recommendations for future work 
 
This study investigated the reduction of organic matter of ROC using a conventional UVC 
lamp reactor and a prototype UVC-LED system. The benefit of coagulation as pre-treatment 
and biological treatment as post-treatment in terms of total reduction of organic matter and 
improvement in energy efficiency was demonstrated.  
 
One of the areas requiring attention is the quantification and removal of micropollutants in 
ROC including EDCs and PPCPs as not much work has been done on this as identified in the 
literature review. As analysing individual micropollutants is expensive and time consuming, 
identification/development of rapid and inexpensive approaches as a tool for tracing their 
removals are needed. There are increasing concerns about the potential toxicity of the treated 
water. The toxicity of the raw and treated ROC was investigated using Microtox assay. Other 
toxicity assessment tools such as Yeast Estrogen Screen (YES) to determine the total 
estrogenic potency of the treated water and cytotoxicity assay could be used in future 
investigations. Although the formation of some of the DBPs was investigated, the presence of 
other potential DBPs (haloamides, halogenated furanones etc.), should also be investigated. 
 
Although coagulation and UVC/H2O2 treatment were investigated under various operational 
conditions, BAC treatment was carried out at only one EBCT of 60 min. Further work on 
optimisation of EBCT in terms of treatment efficiency and treatment time is recommended. 
Modelling the ROC treatment processes is another area that could be focused in future 
research. 
 
Considering that UV-LED technology is still in its infancy as indicated by the continuing 
developments in this field, a number of areas can be focused on in future. One of the main 
topics needing attention for UV-LEDs to be effective on large scale is the reactor design. As 
UV-LED technology offers compact and flexible design options, future work on optimised 
design is needed to further reduce energy requirements. The potential of lower wavelength 
UVC-LEDs for greater generation of HO
• 
and those of VUV-LEDs (when they become 
available) needs to be investigated. More detailed cost analysis of the proposed treatment 
train should be done to assess the feasibility for full-scale applications.   
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Appendix A-1 Impact of alkalinity on the treatment performance of UV/3 mM H2O2 
 
 
Figure A1-1. Impact of doubling the alkalinity of ROC 3 on (a) DOC, (b) COD, (c) colour, 
and (d) A253.7 
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Appendix A-2 Effect of reducing pH on EEM volume 
 
 
 
Figure A2-1. Impact of pH on the EEM volume of ROC 5 at original pH of 8.3 and after 
reducing the pH to 5 
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Appendix A-3 Effect of pH on the EEM volumes of ROC 6 
 
 
 
 
 
 
Figure A3-1. Impact of pH on the EEM volume of ROC 6 using (a) alum, (b) ferric sulphate, 
(c) ferric chloride (Al refers to alum, FeS to ferric sulphate, FeC to ferric chloride) 
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Appendix A-4 Comparison of colour reduction after various treatments 
 
 
 
Figure A4-1. Reduction of colour after individual and combination of treatments (Al refers to 
alum, FeC refers to ferric chloride, FeS refers to ferric sulphate) 
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Appendix A-5 Fluorescence EEM spectra after various individual treatments 
 
 
Figure A5-1. Fluorescence EEM spectra of raw ROC (a), after BAC treatment, (c) 1 mM 
metal dosage coagulation by alum, (d) ferric chloride, (e) ferric sulphate, (f) UVC/H2O2 
treatment  (UV fluence of 16 × 10
3
 mJ/cm
2
) 
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Appendix A-6 Fluorescence EEM spectra after various combined treatments 
 
 
 
Figure A6-1. Comparison of fluorescence EEM spectra after pre-treatment by alum and ferric 
chloride (1 mM metal dosage) with and without UVC/H2O2 (UV fluence of 16 × 10
3
 mJ/cm
2
) 
and BAC treatment 
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Appendix A-7 DOC reduction of ROC 8 
 
 
 
Figure A7-1. Comparison of DOC reduction of ROC 8 after various treatments (A similar 
trend was noted for ferric chloride) 
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Appendix A-8 Fluorescence EEM spectra after various irradiation times using UV-LEDs 
 
 
 
Figure A8-1. Comparison of fluorescence EEM spectra of (a) raw ROC, (b) control (after 
H2O2 addition only), after UV fluence of (c) 12 × 10
3
 mJ/cm
2
 , (d) 24 × 10
3
 mJ/cm
2
, and (e) 
36 ×10
3
 mJ/cm
2
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Appendix A-9 Relationship of molecular absorption coefficient to UV wavelength 
 
 
 
 
Source: http://www.h2o2.com/technical-library/physical-chemical-properties/radiation-
properties/default.aspx?pid=65&name=Ultraviolet-Absorption-Spectrum 
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Appendix A-10 Composition and reduction of DOC of different ROC samples 
 
 
 
 
 
Figure A10-1. Comparison of (a) DOC fractions of various ROC samples, (b) DOC 
reduction after UVC/H2O2 treatment (UV fluence of 16 × 10
3
 mJ/cm
2
), (c) after 1 mM alum 
coagulation, and (d) after 1mM metal dosage of three coagulants 
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